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Abstract: 

Periodontitis is a very common human disease characterized by inflammatory bone 

destruction in the oral cavity.  It affects more than 64 million adults in the United States 

and is often linked to systemic or distant co-morbidities. T helper (Th) cells and specifically 

Th17 have been identified as important constituents of the inflammatory lesion in 

periodontitis. However, the specific role of Th17 cells in periodontitis and whether they 

drive inflammatory pathology is not fully understood. We performed a detailed 

characterization of gingival tissues and found that Th17 are amplified in the lesions of 

human periodontitis. In fact, Th17 cells represent the major source of IL-17A in humans 

and in animal models of periodontitis and we show that their accumulation in gingival 

tissues is IL-6 dependent. Th17 differentiation and IL-17A expression are tightly regulated 

by signal transducer and activator of transcription-3 (STAT3). To analyze the role of 

Th17/STAT3 in humans with periodontitis we have evaluated a large cohort of patients 

with autosomal dominant mutations in STAT3. Autosomal Dominant Hyper IgE Syndrome 



 

 

(AD-HIES) patients have a defect in Th17 differentiation and lack Th17 cells in the 

circulation. We clinically characterized patients with AD-HIES and evaluated Th17 

responses in their oral tissues. We find that AD-HIES patients have reduced susceptibility 

to periodontitis and present minimal oral inflammation, consistent with blunted Th17 tissue 

responses. To mechanistically dissect the role of Th17 cells and STAT3 in periodontitis, 

we performed periodontitis induction in mouse models specifically lacking Th17 cells. 

Cd4creStat3floxed mice lacked Th17 cells but other sources of IL-17 producing cells were 

unaffected in gingival tissues and importantly, were resistant to inflammatory bone loss. 

These results demonstrate the key role of Th17 in periodontitis and suggest inhibition of 

Th17 through Stat3 in the treatment/prevention of disease. Indeed, we performed 

preclinical studies of Stat3 inhibition (using C188-9 inhibitor, a small-molecule compound 

designed to prevent Stat3 activation) and demonstrated that pharmacologic inhibition of 

Stat3 prevented inflammatory bone loss in periodontitis models. Our work uncovers the 

pathogenic potential of Th17 cells in periodontal inflammatory bone loss and suggests 

pharmacologic inhibition through STAT3 in the prevention of this common inflammatory 

disease. 
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CHAPTER I: Introduction 

T Helper 17 Cells as Candidate Pathogenic Drivers of Periodontitis 

 

The Host Response in Periodontitis Pathogenesis  

Periodontitis is an inflammatory disease that causes destruction of tooth supporting tissues 

(gingiva, periodontal ligament and alveolar bone) and is a major cause of tooth loss in 

adults [1]. This disease affects more than 64 million adults in the United States and its 

prevalence and severity is higher among ethnic minorities and low-income groups [2, 3]. 

Periodontitis can also affect quality of life [4, 5] and  recent reports have associated the 

severe form of this disease (which affects 8.5% of adults [2]) with certain systemic 

conditions like atherosclerotic cardiovascular disease, adverse pregnancy outcomes, 

rheumatoid arthritis and respiratory diseases [6].  

In periodontitis, alterations in the ecology of resident microbial communities leads to 

dysbiosis [7].  Recent studies have demonstrated that higher total bacterial load and 

richness are associated with periodontitis. Moreover, and in contrast with diseases of the 

gastrointestinal tract, periodontitis is also associated with increased diversity in bacterial 

communities [8, 9] 

Dysbiotic microbial communities are required, but not sufficient, to induce periodontitis 

[10]. Thirty years ago, the role of the host response against oral microbiota in periodontitis 

began to be unveiled [11] and during the following decades, immune cells were implicated 

in the biological mechanisms that lead to periodontal destruction [12, 13]. In this regard, T 

cells and in particular T CD4+ helper cells (Th) have been described as a significant 
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component of the inflammatory infiltrate in periodontitis [14-18]. Additionally, evidence 

from studies in murine models, suggests a prominent role of CD4+ T cells in periodontitis 

pathogenesis scenario, specifically in relation to alveolar bone destruction [19-21]. 

Among the Th cell subsets, Th17 and its signature cytokine IL-17A are suspected as 

important drivers of pathological processes in periodontal disease [22-24]. 

 

Interleukin-17 in Periodontal Immunopathology 

Interleukin-17A (IL-17A, also known as IL-17) is the first described member of the IL-17 

family [25] which includes six members (from IL-17A to IL-17F) that share amino acid 

sequence homology. From these members, IL-17A and IL-17F are secreted as disulfide-

linked homodimers and heterodimeric IL-17A-F complexes can be generated [26]. IL-17A 

is a 155-aminoacid protein with a molecular weight of 30-35kDa (each subunit of the 

homodimer is approximately 15kDa) encoded in the short arm of chromosome 6 [27, 28]. 

Mouse IL-17A displays 62% of structural homology with human IL-17A, both have 

remarkably conserved glycosylation sites [29]. The IL-17 receptor family comprises a 

group of five receptors (IL-17RA through IL-17RE), all of which are single-pass 

transmembrane receptors with conserved structural features. Cellular responses to IL-17A 

and IL17F require the expression of IL-17RA (abundantly expressed in hematopoietic cell 

compartments) and the inducible expression of IL-17C (predominantly expressed in 

stromal cells), both part of the IL-17 receptor complex known as IL17-R [29, 30]. IL-17A 

and IL-17F share biological function and the engagement of IL-17A, IL-17F or IL-17A-F 

to IL-17R activates a chain of intracellular events that includes the recruitment of adaptor 

proteins like Act1 which triggers the ubiquitination of TNFR-associated factor-6 (TRAF6). 
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TRAF6 activates nuclear factor κB (NF-κB), mitogen-activated protein kinase (MAPK) 

and members of the CCAAT/enhancer-binding protein (C/EBP) pathways, triggering the 

transcription of IL-17 targeted genes [30, 31]. IL-17A induces 10-30 times stronger 

responses than IL-17F and it is proposed that IL-17A binds to its receptor complex with 

higher affinity than IL-17F, which may explain its dominant role in pathological processes 

[32, 33]. Different gene products are induced by IL-17A including cytokines, chemokines, 

inflammatory effectors and antimicrobial proteins. This gene expression in response to IL-

17A varies between cells types, with notable differences seen in mesenchymal and 

epithelial cells compared with cells of hematopoietic origin [34].  

IL-17A is critical for host defense, particularly in mucosal barrier immunity where it 

mediates protective responses against extracellular bacteria and fungi, but is also 

implicated in the pathogenesis of a number of autoimmune- and inflammatory-mediated 

diseases like psoriasis, inflammatory bowel disease, multiple sclerosis, rheumatoid 

arthritis, type 1 diabetes and periodontitis [33, 35, 36]. In the context of diseases 

characterized by inflammatory bone loss (such as rheumatoid arthritis and periodontitis) 

IL-17A can potentially mediate the destruction of connective tissue and the underlying 

bone, inducing the expression of matrix metalloproteinases in fibroblasts, epithelial cells 

and endothelial cells, as well as the receptor activator of nuclear factor κB ligand (RANKL) 

expression in osteoblasts, a key factor for osteoclast differentiation and function [31, 33, 

36, 37].  

The association between periodontitis immunopathology and IL-17A has been 

demonstrated in several studies since early-2000’s [38-40]. These studies indicate a 

positive correlation of local levels of IL-17A with disease severity and clinical parameters 
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of periodontal destruction. In fact, IL-17A expression is higher in periodontitis than in 

gingivitis and it is almost undetectable in healthy control tissues [41]. Furthermore, single 

nucleotide polymorphism associated with increased expression of IL-17A was found to be 

more prevalent in patients with periodontitis than in control subjects [42]. It is important 

to highlight that these association studies do not establish a causal role for IL-17A in 

periodontitis. Nevertheless, a recent interventional study demonstrated that local treatment 

with IL-17A antibody inhibited bone loss in a murine model of periodontitis [43]. 

Taken together, the pro-inflammatory and osteoclastogenic properties of IL-17A, the 

clinical association between IL-17A and periodontitis and the therapeutic benefit of IL-

17A inhibition in a murine model of periodontitis, render the IL-17A and Th17 cells as 

plausible drivers of periodontal immunopathology. 

Under homeostasis and in some cell subsets under particular disease settings, IL-17A is 

secreted by a broad spectrum of adaptive and innate immune cells including CD4+ T-cells, 

CD8+ cytotoxic T-cells, natural killer T-cells (NKT), γδ T-cells, natural killer cells (NK), 

innate lymphoid cells type 3 (ILC3), lymphoid tissue inducer cells (LTi), macrophages, 

dendritic cells (DC), and neutrophils [36, 44].  From these group of cells, a subset of CD4+ 

T cells known as T helper 17 cells (Th17) are one of the principal sources of IL-17A and 

importantly, are key mediators in the pathogenesis of inflammatory and autoimmune 

diseases [36, 45].  

 

Th17 Cells:  Key Role of STAT3 and Periodontitis Association 

Th17 cell differentiation from naïve T cells involves not only activation through T-cell 

receptor and co-stimulatory molecules, but also the surrounding cytokine milieu. Human 
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Th17 cells can be induced in the presence of transforming growth factor β (TGF-β), 

Interleukin-1β (IL-1β), interleukin-6 (IL-6) and interleukin-23 (IL-23), whereas murine 

Th17 depends primarily on TGF-β and IL-6 [46, 47]. It is well documented that early stages 

of Th17 differentiation and IL-17A expression are tightly regulated by signal transducer 

and activator of transcription-3 (STAT3), indeed relevant cytokine receptors in early and 

late stages of Th17 differentiation, such as IL-6 and IL-23, activate STAT3. Furthermore, 

STAT3 induces genes that characterize Th17 cells, for example, transcription factor RORγt 

and effector cytokines IL-17A, IL-17F and IL-21 [48-50].  

STAT3 is a latent cytoplasmic transcription factor responsible for transmitting diverse 

cytokine signals and modifying gene expression [51]. STAT3 is located on chromosome 

17q21 and encodes a protein which has several isoforms. The best studied isoforms are 

STAT3α, a 770-amino acid, 92 kDA protein and STAT3β which shares the majority of the 

amino acid sequence with STAT3α. When cytokines such as IL-6 and IL-23 bind to their 

receptor, Janus kinases (JAK1, JAK2 or TYK2) become activated and phosphorylate the 

cytokine receptor, leading to STAT3 recruitment. Receptor-associated STAT3 molecules 

are then phosphorylated on Y705 residue (located in the transactivation domain), allowing 

them to dimerize, translocate to the nucleus, bind to promoters and induce gene expression 

as shown in Figure 1.1 [51-53]. Dominant-negative mutations on STAT3 lead to a rare 

congenital immunodeficiency known as Autosomal Dominant Hyper IgE Syndrome (AD-

HIES) [54]. This multisystem disorder is characterized by the triad of elevated serum IgE 

levels, eczema and recurrent skin and lung infections. AD-HIES patients exhibit a dramatic 

impairment in the Th17 response explained by a reduced IL-6 and IL-23 function via 

STAT3 which leads to a reduction in RORγt expression and further impairment of Th17 
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differentiation and IL-17 production [55]. Th17 deficiency in AD-HIES patients leads to 

significant susceptibility to mucosal fungal infections such as oral candidiasis, revealing a 

critical role for Th17 cells in fungal surveillance at barrier surfaces [35]. Importantly, this 

patient cohort provides a unique opportunity to study consequences of defective Th17 

differentiation in humans.   

 

 

 

Figure 1.1. STAT3 role in Th17 differentiation. CytokinesIL-23 and IL-6 activate 

STAT3 promoting the expression of key Th17 genes like RORγt which make STAT3 a 

possible target for Th17 development [50, 52]. Tyk2: Tyrosine kinase 2; JAK2: Janus 

kinase 2; STAT3: Signal transducer and activator of transcription 3; P: activation by 

Phosphorylation. 
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To date, Th17 cells are not only well recognized for their critical role in host defense and 

maintenance integrity of barrier sites, but also have been identified as key drivers in the 

pathogenesis of inflammation and autoimmunity diseases [37]. In humans with multiple 

sclerosis, Th17-associated transcripts are increased in brain lesions and in animal models 

of experimental autoimmune encephalomyelitis, Th17 cells are sufficient to transfer 

disease. In addition, disease activity in rheumatoid arthritis is associated with increased IL-

17A levels and elevated Th17 cell numbers. Numerous studies conducted in arthritis 

models demonstrated that IL-17A and Th17 cells are important in articular inflammation, 

bone erosion and cartilage damage, all of them key features of rheumatoid arthritis [37, 

56]. In our disease of interest, periodontitis, the presence of Th17 cells has been 

documented in disease lesions by immunohistochemistry [57]. Moreover, several studies 

have documented significant increases in Th17-related cytokines (such as IL-23 and IL-

21) in lesions of disease as well as upregulation of pro-inflammatory and osteoclastogenic 

mediators also associated with Th17 cells such as IL-6 and RANKL [40, 57-59]. 

Furthermore, increased expression of the RORC gene (which encodes RORγt) has been 

associated with periodontitis [57, 60, 61]. It also been demonstrated that Porphyromonas 

gingivalis, a pathogen implicated in changes of tooth-associated microbiota and also in 

pathogenic sequelae of periodontal disease [62], stimulates myeloid antigen presenting 

cells to drive Th17 polarization by production of Th17 related cytokines such as IL-1β, IL-

6 and IL-23 [41]. Collectively, the evidence from animal studies demonstrating the role of 

Th17 cells in various inflammatory disease contexts, as well as the increased presence of 

IL-17A and related cytokines in the lesions of periodontitis, lead us to hypothesize that 

Th17 cells are implicated in periodontal disease pathogenesis. 
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IL-17A and Th17 as Therapeutic Targets for Inflammatory Diseases 

Based on human and mouse model studies, IL-17A has emerged as a candidate therapeutic 

target for several diseases. Randomized clinical trials have demonstrated that secukinumab, 

a human anti-IL-17A monoclonal antibody, was effective in plaque psoriasis treatment and 

provided significant reductions in the signs and symptoms of ankylosing spondylitis [63, 

64]. In contrast with those results, patients with rheumatoid arthritis reported no significant 

responses following administration of secukinumab [65] and in patients with active 

Crohn’s disease the administration of anti-IL-17A not only failed to improve disease 

symptoms, it also increased disease activity [66]. The mixed results from clinical trials 

using anti-IL-17A antibodies may be explained by the double role of IL-17A: one side 

driving inflammation and the other providing protection against infection and integrity to 

barrier sites [67]. Supported by the concept of different cells as sources of IL-17A, the 

evidence of increased numbers of Th17 cells in different human pathologies and the notion 

that Th17 cells can use different sets of proinflammatory cytokines to drive inflammation, 

it has been suggested that targeting these subsets of CD4+ T helper cells may provide better 

clinical efficacy compared with targeting IL-17A alone [56]. Consistent with that idea, 

ustekinumab, inhibitor of the p40 subunit that is shared by IL-23 and IL-12 is currently 

FDA approved for the treatment of psoriasis and psoriatic arthritis and has shown to have 

efficacy in the treatment for Crohn’s disease [68]. Additionally, second generation Th17-

targeting modalities are currently under development for the treatment of autoimmune 

inflammation including small molecule inhibitors of STAT3 [69-71]. Compared to 

monoclonal antibody therapy, small-molecule treatment is lower in cost, has oral 

bioavailability and drug discontinuation results in rapid reversibility of the 
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immunomodulatory effects [72, 73]. Reports have indicated that small molecule inhibition 

of STAT3 improved the clinical course of experimental arthritis suppressing Th17 cells 

and osteoclast formation suggesting that STAT3 inhibition could be a suitable approach to 

control inflammation and tissue destruction [70, 71]. Furthermore, in other fields like 

cancer, small molecule inhibitors of STAT3 have been under exhaustive study for several 

years with positive results [74-76].  

The evidence that standard therapeutic approaches do not resolve all clinical cases of 

periodontal disease [77-79] has necessitated further interrogation of periodontitis 

pathogenesis with the intent to identify disease driving mechanisms and potentially  reveal 

biologically supported therapeutic targets [80, 81]. Given the therapeutic benefit of IL-17A 

neutralization with monoclonal antibodies in animal models of periodontitis [43], further 

interrogation of the IL-17A pathway and its inhibition has become of tremendous interest.  

Our work examines the amplification of Th17 cells and responses in human and murine 

periodontitis and investigates the consequence of STAT3-Th17 inhibition on periodontal 

immunity and susceptibility to periodontal disease. We have the unique opportunity to 

evaluate the consequences of STAT3 loss of function in the oral cavity of a rare cohort of 

immunodeficiency patients (AD-HIES) [54, 55]. Additionally, our studies test the use of 

small molecules to inhibit STAT3 function in the treatment of periodontitis. 

In summary, we aim to apply an integrated bedside to bench approach, combining studies 

of humans with single gene defects affecting the Th17 pathway through STAT3 and 

relevant animal and preclinical models to further our understanding of Th17 biology in 

periodontitis and evaluate the benefit of relevant therapeutic targeting. 
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Central Hypothesis  

Th17 cells are critical for periodontitis pathogenesis and their therapeutic inhibition will 

suppress inflammatory tissue destruction in periodontitis.  

 

Specific Aims 

Specific Aim 1: To assess the role of IL-17A in periodontal bone loss and determine the 

cellular sources of this cytokine in gingival tissues at steady state and periodontitis. 

Hypothesis: IL-17A is critical for periodontal bone loss and Th17 cells are the main source 

of IL-17A in gingival tissues in health and disease.  

Specific Aim 2: To examine consequences of blunted STAT3 signaling on basic periodontal 

immunity and periodontitis. 

Hypothesis: STAT3 loss of function will lead to a reduction in cellular sources of IL-17A 

(particularly Th17 cells) within tissues and related blunting of IL-17A-regulated responses. 

This reduced STAT3/Th17 function will protect from alveolar bone loss conferring 

resistance to periodontitis. 

Specific Aim 3: To evaluate pharmacological STAT3 inhibition in the treatment of 

periodontitis. 

Hypothesis: Pharmacological inhibition of STAT3 will limit alveolar bone loss in 

periodontitis.  
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CHAPTER II 

Characterization of the Human Immune Cell Network at the Gingival 

Barrier 

 

I. Introduction 

 

The specialized immune networks present at barrier sites coexist with the commensal 

microbial world yet are still able to combat harmful insults and infection. Maintenance of 

immunological tolerance and tissue homeostasis relies on tissue- tailored immunological 

networks that are specialized to receive and integrate local cues and induce responses that 

preserve the physiological function of a specific tissue [82]. In the oral cavity, the local 

immune cell network is exposed to alimentary and airborne antigens and commensal 

microbes, which are encountered here for the first time prior to their entry into the 

gastrointestinal tract and respiratory system. This site is unique in that it is in direct 

exposure to the environment similarly to the skin but without the protection of a keratinized 

mucosa to shield it. The oral mucosa is primarily a lining mucosa consisting of a multilayer 

squamous cell epithelium that is either non-keratinized or ortho-keratinized depending on 

the area [83]. Possibly the most vulnerable site is the gingival crevice. In the gingival 

crevice the epithelium becomes increasingly thinner (often down to one layer) creating 

almost direct access [83] to the complex biofilm of the tooth surface [84, 85]. In these areas 
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inflammatory cells are observed histologically in close contact to the surface, constantly 

patrolling this dynamic site. 

The oral cavity is also home to a rich and diverse community of commensal organisms. 

The Human Microbiome project has revealed that the oral cavity houses communities with 

great diversity [84, 85]. In fact, the microbial communities of the oral cavity and stool were 

the most diverse of all examined, in terms of community membership [85, 86]. How these 

unique microbial communities contribute to the evolution of the local immune system is 

currently a topic of tremendous interest in the field of barrier site immunity [82]. To date 

this has not been examined at the oral barrier, partly owing to a limited understanding of 

the specialized immune network active at this barrier site. 

It is generally understood that, in order to initiate appropriate responses, unique subsets of 

immune cell populations including antigen-presenting cells (APCs), innate lymphoid cells 

and stromal cells, seed and are locally conditioned by each microenvironment [87]. How 

critical these barrier resident immune cells are to health, becomes most obvious when 

relevant immune responses are compromised. In this context, inadequate barrier responses 

have been linked to infection at various sites and inability to control inflammatory 

responses has been linked to severe inflammatory conditions in various barrier sites 

including asthma, inflammatory bowel disease (IBD), psoriasis and in the oral cavity, 

periodontitis [88]. 

In our current study, we characterize the human immunological cell network patrolling the 

oral barrier in health with a particular focus on the gingival area. Our findings provide a 

foundation towards the understanding of the cellular players orchestrating physiological 
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oral immunity and set the stage for the evaluation of shifts in immunity associated with 

states of oral disease. 

 

II. Materials and Methods 

 

Study Design (Inclusion and Exclusion Criteria) 

All subjects signed informed consent and enrolled on an IRB approved protocol 

(clinicaltrials.gov #NCT01568697) at the NIH clinical center. For inclusion in the healthy 

volunteer group subjects reported in good general health and had no significant medical 

history. Subjects had to test negative for infectious agents HepB, HepC and HIV by PCR 

and ELISA and had HbA1C levels <6% with no history of diabetes. Pregnancy and 

lactation were exclusion criteria as were use of tobacco within 1 year and use of antibiotics, 

immunosuppressive agents or probiotics within 3 months.  

Oral evaluation  

All subjects were evaluated for the presence of active infections, mucosal lesions and 

presence/history of dental and periodontal disease and history of (with full mouth 

evaluation of measures of bone loss and inflammation; probing depths (PD), attachment 

loss (CAL) and bleeding on probing (BOP) and dental radiographs). For inclusion in the 

healthy oral disease group, patients had to be in pristine oral health, with no visible mucosal 

lesions, no visible gingivitis, no evidence or symptoms of xerostomia, have minimal 

history/presence of caries and be periodontally healthy [88].Criteria for the oral health 
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group included no sites with PD/CAL>3mm, BOP<10% and no visible gingival 

inflammation. For inclusion in the periodontitis group subjects would have to be diagnosed 

with severe generalized chronic periodontitis and had not been previously treated [88]. 

Patients in the severe generalized periodontitis group had generalized PD>5mm, 

generalized BOP and visible gingival inflammation. 

Oral Biopsies and tissue processing  

4mm punch biopsies of buccal mucosa (2mm depth) or gingival collar biopsies (2mm 

width) were either placed in zinc-formalin (Anatech) for histology or processed for single 

cell suspensions. For histology, formalin-fixed tissues were embedded in paraffin and 

sectioned into 5-mm sections, deparaffinized, and rehydrated, followed by Hematoxylin & 

Eosin staining (H&E). For the preparation of single cell suspensions, biopsies were minced 

and digested in collagenase (Invitrogen) and DNase mix for 1 h at 37°C in constant 

agitation. A single-cell suspension was then generated by mashing digested samples 

through a 70-μm filter (Falcon).  

Flow cytometry 

Single-cell suspensions from gingival tissues, or buccal mucosa, were untreated or 

stimulated for 3.5h with or without PMA (50 ng/ml; Sigma) and ionomycin (2.5 μg/ml; 

Sigma) in the presence of brefeldin A and then stained for cell surface makers and/or 

intracellular cytokines. Cells were stained with Live/Dead Cell Viability assay (Invitrogen) 

and different combinations of the following anti-human antibodies: CD34, CD16, CD11c, 

CD294 (CRTH2), EpCAM (BD Biosciences); CD127 (Beckman Coulter); CD1a, CD3, 

CD14, CCR7, CD335 (NKp46), CD336 (NKp44), Singlec-8, FcɛR1α, (Biolegend); CD1c, 
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HLA-DR, CD45, CD4, CD8, TCRγδ, CD45RO, CD45RA, CD161, CD56, CD19, CD20, 

CD117, CD15, CD69 , Foxp-3, IL-17A, IFN-γ (eBioscience); and CD141 (Miltenyi 

Biotec). All samples were analyzed using a FACS Fortessa cytometer (BD Biosciences). 

Data analysis was performed using FlowJo software (Treestar). 

Statistics  

Data were evaluated with one-way ANOVA and the Dunnett multiple comparison test with 

the InStat program (GraphPad Software). Where appropriate (comparison of two groups 

only), two-tailed t tests were performed. P values <0.05 were considered to be statistically 

significant. 

 

III. Results 

 

Description of healthy study cohort  

For this study, approximately 100 self-reported healthy volunteers were enrolled. Fifty 

volunteers fulfilled strict criteria of systemic and oral health and were included for the 

present analyses (Table 2.1). Subjects had no history of systemic illness, were not taking 

medications, tested negative for HIV, Hepatitis C, Hepatitis B and diabetes and were never-

smokers. Moreover, included subjects had not received any immunosuppressive agent for 

more than 3 months nor received any type of antibiotic treatment within the preceding year.  

Similarly, subjects were screened for their oral health and had no history or presence of 

oral mucosal disease, active caries, infection or periodontal disease. Our study group 

consisted of young adults (18-40 years, Table 2.2). For consistency, all subjects were 

sampled between 8:30 and 11am with a standardized 4mm gingival collar biopsy or a 4mm 
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punch biopsy of the buccal mucosa. Inclusion/exclusion criteria for oral and systemic 

health were those used in the HMP (http://hmpdacc.org/doc/HMP_Clinical_Protocol.pdf,). 

 

Table 2.1. Inclusion and Exclusion Criteria for Healthy Volunteers 

Inclusion criteria for Healthy Volunteers 

• Adults 18-40 years of age who are systemically healthy 

Exclusions for Healthy Volunteers 

1. Smoking/Tobacco use 

2. HIV, Hepatitis B or C positive  

3. History of diabetes and/or HbA1C level >6% 

4.  More than 3 hospitalizations in the last 3years 

5. History of systemic illness or malignancy except for localized basal or squamous cell 

carcinoma of the skin 

6. Pregnant or lactating 

7.  In the 3 months before study enrollment, have used any of the following: 

a) Systemic (intravenous, intramuscular) or oral antibiotics 

b) Oral, intravenous, intramuscular, intranasal, or inhaled corticosteroids or other 

immunosuppressant  

c) Cytokine therapy 

d) Methotrexate or immunosuppressive chemotherapeutic agents 

e) Large doses of commercial probiotics  

Exclusions for Healthy Volunteers (oral health based) 

1. Signs/symptoms of xerostomia 

2. Active Infection 

3. Missing teeth (excluding 3d molars) 

4. Diagnosis of Periodontal Disease 

5. Presence or history of mucosal lesions 

6. Active caries or significant caries history 

 

 

http://hmpdacc.org/doc/HMP_Clinical_Protocol.pdf
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Table 2.2. Demographics of patient cohorts 

  Health Periodontitis 

Number of patients  50 6 

Age 

Mean ± SD 26.6 ± 5.9 36.0 ± 9.2 

Median 26.5 38.5 

Min-Max 18-40 21-48 

Gender 

Female 35 4 

Male 15 2 

Race 

African American 17 4 

Asian 1 1 

Caucasian 21 1 

Latino 8 0 

Other 3 0 

 

Major immune cell populations in oral mucosal compartments  

The oral cavity harbors unique anatomical and ecological niches with a varying degree of 

exposure to external stimuli.  Among the most exposed sites are the lining epithelia 

encountered in the buccal mucosa (Fig. 2.1A) and the gingival crevice (Fig. 2.1B). The 

buccal mucosa is lined with multilayer squamous epithelium which is non-keratinized (Fig. 

2.1A) while the gingival crevice is lined with an increasingly thinned squamous epithelium 

(approaching close to a single layer at its base), providing almost direct exposure to the 

complex microbial biofilm(biome) adherent to the tooth surface (Fig.2. 1B). To begin our 

characterization of the oral immune network we first investigated the presence/abundance 



18 

 

of hematopoietic cells and the representation of major immune subsets in the buccal 

mucosa and gingiva. Quantitation of CD45+ hematopoietic origin cells within these two 

compartments, revealed an increased presence of immune cells in gingival tissues (Fig 

2.1C, however not reaching statistical significance), consistent with the need for increased 

immunological surveillance in this area of close microbial interaction. To further 

characterize the major immune cell populations at both sites, we employed flow cytometry 

by adapting a previous technique used in human tissues [89]. Analysis of major 

histocompatibility complex class II expression (HLA-DR) and cell granularity (side scatter 

(SSC) parameter) [89] was used to enable the separation of HLA-DR+/-SSClo lymphocytes 

from HLA-DR-SSCmid_hi granulocytes and HLA-DR+ SSCmid_hi APCs-DC/Macs (Fig. 

2.1D-E; D=buccal, E=gingiva).  Indeed, within the lymphocyte gate (Lymph) the vast 

majority of cells were CD3+ T cells with minimal B (CD19/CD20) cells present. Within 

the granulocyte gate (Gran) the vast majority were neutrophils staining positive for CD15 

and CD16 but negative for Siglec8 (CD16 and Siglec8 stains not shown), and a few mast 

cells (CD117).  All major cell subsets were present in buccal and gingival compartments 

with lymphocytes (CD3+ T cells but minimal B cells) being the dominant immune cell 

population at both sites. Neutrophils were significantly higher in the gingival environment, 

likely reflecting a necessity for this site to be continuously patrolled (Fig. 2.1D-F). APC 

(DC-Mac) populations appeared enriched as a proportion in buccal mucosa (Fig. 2.1D-F). 

The gingival environment is also of particular interest due to its susceptibility to the 

common human inflammatory disease periodontitis (PD)[88] [6]. Hence, our further 

investigations focus on a detailed characterization of cellular subtypes of the gingival area 
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(Fig. 1G) with the aim of elucidating the immuno-surveillance network active at this 

barrier. 

 

 

 

Figure 2.1. Major immune cell populations in oral mucosal tissues. Oral biopsies 

(4mm) were harvested from buccal mucosa and gingiva of healthy patients. (A-B) H&E 

staining of buccal (A) and gingival biopsies (Bii) shown. Schematic depicting gingival area 

(Bi). (C) Percentage of hematopoietic (CD45+) cells per biopsy type (n=5, *p<0.05). (D-

G) Characterization of the major hematopoietic cell populations in buccal oral mucosa and 

gingiva in health. Plots of SSC and HLA-DR expression allowed separation of 

Lymphocytes (Lymph), granulocytes (Gran) and dendritic cells-monocytes-macrophages 

(DC-Mac) subsets.  Granulocytes stained for CD15 and CD117, Lymphocytes stained for 

CD3 and CD19 (D=Buccal, E=Gingiva, major percentages shown). (F) Percentages of 

Lymph, DC-Mac and Gran in buccal mucosa and gingiva within the CD45+ compartment 

(n=5, *p<0.05).  (G) Percentages of Lymph, DC-Mac and Gran in gingiva within the 

CD45+ compartment (n=15, *p<0.05).   
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Characterization of the professional APC network in healthy gingival tissues 

Given the key role of professional APC in microbial recognition and in the orchestration 

of both innate and adaptive immunity, we first characterized the professional APC network 

gingival tissues. We defined monocyte/macrophage and dendritic cell populations based 

on previously described methods employed in the skin [89]. Within the HLADR+ 

compartment auto-fluorescence (AF) positive cells have been shown to be macrophages 

[89]. In the gingiva, we encounter a substantial population of AF+ cells (20%) which stain 

positive for CD14+ (Fig. 2.2A and 2.2B) and are larger in size (not shown). Within the AF- 

compartment approximately 40% are CD14+, resembling a population of recently defined 

HLADR+CD14+AF- migratory monocytes in human skin [90] and 40% are CD14- (Fig. 

2.2B), indicating that the majority of APC in gingiva are CD14+. Within the AF- DC 

compartment we identify a population of CD1ahigh (EPCAM +)(Fig. 2.2C)  population 

considered functionally similar to LC cells in the skin [91]. Within the remaining 

HLADR+AF- cells considered to be DC we identify a small population of CD141+ and a 

larger CD1c+CD11chi (Fig. 2.2D and 2.2E). Tissue DCs have been well characterized in 

the skin, where CD1a ++ Langerin+ epidermal Langerhans cells (LCs) have been identified 

alongside conventional DCs, CD141hiCD11clow+ DCs and CD1c+CD11chi DC, functionally 

aligned to murine CD103+CD8+DC and murine CD11b+ DC [91-93] respectively. Thus, 

similar to skin and other barrier sites, the gingiva houses a complex network of APCs.  
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Figure 2.2: The antigen presenting cell network in human gingiva in health. Analysis 

of DC-Mac cell subsets by flow cytometry (A) Cells gated from 

Single/Live/CD45+/SCCmid/hi/HLA-DR+/Lineage- (CD3-/CD19-/CD20-), were evaluated 

for auto-fluorescence and auto fluorescent positive cells were stained for CD14. (B) 

Frequency of resident macrophages (AF+CD14+), recruited monocytes (AF-CD14+) and 

DC subsets (AF-CD14-) in human gingiva (n=10. *p<0.05) (C) 

Single/Live/CD45+/SCCmid/hi/HLA-DR+/Lineage-/AF- (CD3-/CD19-/CD20-) were stained 

for CD1a and EpCAM expression. (D) Frequency of CD1a (Langerhans cells), CD1c and 

CD141 dendritic cell subsets in healthy human gingival tissues (n=10, *p<0.05). (E) 

Single/Live/CD45+/SCCmid/hi/HLA-DR+/Lineage- (CD3-/CD19-/CD20-) were evaluated for 

CD14, CD1c, CD141, CD11c, CD1c. 
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Characterization of the T cell compartment in healthy gingiva  

Characterization of the dominant lymphocyte compartment in human gingiva was focused 

on T cells, as B cells were almost absent in health (Fig. 2.1F-G).  Evaluation of the major 

T cell subsets CD4, CD8, γδT cells and regulatory T cells, revealed a dominance of CD4+ 

helper T cells in the gingiva (≈50%), followed by CD8+ T cells and small percentage of 

γδT cells (Fig. 2.3A). Within the CD4 compartment 10-15% of CD4+ cells were Foxp3+, 

presumed to be regulatory T cells [94] (Fig. 2.3B). We next characterized memory and 

naïve T cell subsets within healthy gingiva. Expression of the CD45RO isoform is a well-

known marker used to phenotypically identify memory CD4+ and CD8+ T cells [95] and  

CD45RA isoforms are expressed by naive and terminally differentiated effector cells [96]. 

Approximately 80% of CD4+ T cells had a CD45RO+ memory phenotype [97], while only 

50% of CD8+ T cells were CD45RO+ (Fig. 2.3C)[97]. Heterogeneous expression of the 

lymph node homing receptor CCR7 defines additional functional subsets of CD45RA+ and 

CD45RO+ T cells. Naive T cells are primarily CD45RA+CCR7+, whereas CD45RA+CCR7- 

T cells are terminally differentiated effector T cells (designated Temra cells) [96]. The 

CD4+T cell compartment in gingiva had a minimal CD45RA+ population but the CD8+ T 

cell compartment had a substantial population of Temra cells alongside a smaller 

population of naïve CD45RA+CCR7+ cells (Fig. 2.3D).  

We combined multi-parameter analysis of memory subset markers (CD45RO and CCR7) 

with CD69 as a marker of tissue residence to obtain a composite picture of circulating and 

tissue-resident memory CD4+ and CD8+ T cell subsets[97]. Memory T cells are comprised 

of central memory (Tcm; CCR7+CD69-), circulating effector memory (Tem; CCR7-CD69-

), resident central memory (rTcm; CCR7+CD69+), and resident effector memory (rTem; 
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CCR7-CD69+) T cell subsets. The majority of CD4 memory T cells in gingiva were resident 

effector memory (rTem; CCR7-CD69+) with the remaining shared almost equally between 

Resident Memory, Effector Memory (Tem) and Central memory (rTcm; CCR7+CD69+) 

(Fig. 2.3E, F). Within the CD8 compartment, memory CD45RO+ cells were also rTem in 

their majority, followed by a large population of Tem and a small population of Tcm (Fig. 

3E, F).   

To further our understanding of homeostatic T cell function in the gingiva we evaluated T 

cell cytokine secretion patterns ex vivo. CD4+, CD8+, and γδ T cells were evaluated for 

their secretion of signature Th cytokines including IFNγ, IL-17, IL13, and IL22 in an effort 

to define the major Th cell subsets present in the gingiva. High frequencies of IFNγ+ cells 

were seen in both the CD4+ and CD8+ T cell subsets (Fig. 2.4A), whereas low frequencies 

of IL-17 secreting cells (1-2%) were seen in the CD4+ T cell compartment, while IL-13 

and IL-22 producing cells were undetected in health.  
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Figure 2.3: T cell network in human gingiva in health. (A) Major T cell subsets (CD4, 

CD8, TCRγδ) in healthy gingival tissues.  Single/Live/CD45+/HLA-DR-/SCClow/CD19-

/CD3+ cells and were analyzed for CD4, CD8 and TCRγδ markers, frequency and 

representative facs plot shown (n=25, *p<0.05). (B) CD3+CD4+ cells evaluated for Foxp3 

expression, frequency and representative plot shown (n=13). (C) Evaluation of CD45RO 

and CD45RA within the CD4 and CD8 compartment. Representative plots and frequencies 

shown (n=8) (D-E). Naïve and Memory T cell subsets in gingival tissues in health. (D). 

Single/Live/CD45+/HLA-DR-/SCClow/CD19-/CD3+ were evaluated for expression of 

CD45RA and CCR7 within the CD4 and CD8 compartments. Representative plots and 

frequency of populations shown (n=5). (E) Single/Live/CD45+/HLA-DR-/SCClow/CD19-

/CD3+/CD45RO+ were analyzed for the expression for CD69 and CCR7 within the CD4 

and CD8 compartments. Representative plots shown and (F) and frequency of 

subpopulations populations shown (n=5, *p<0.05). 
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The ILC compartment in healthy gingiva 

To identify additional cytokine sources within the healthy tissue, we evaluated cytokine 

secretion from Innate lymphoid cells (ILCs). ILC constitute a family of mononuclear 

hematopoietic cells with key functions in barrier immunity and tissue repair [98]. They are 

defined by their hematopoietic origin (designated by expression of CD45) and the absence 

of rearranged antigen-specific receptors and markers of specific lineage. With this 

definition in gingival tissues approximately 10-15% of CD45+ cells belong to the ILC 

compartment (Fig. 2.4B). Further ILC classification has been based on functional 

characteristics categorizing ILCs into 3 groups; ILC1 which include NK cells and produce 

IFNγ, ILC2 producing IL-5 and IL-13 and ILC3 producing IL-17 and/or IL-22[98].  Based 

on functional characteristics oral ILC belong primarily to the ILC1/NK group as they were 

largely IFNγ+ (Fig. 2.4B). We further defined ILC subsets in this tissue according to 

phenotypic characteristics based on proposed nomenclature for human ILC [99]. Within 

the CD45+ cell fraction approximately one third of the lineage negative (CD3-/CD19-

/CD20-/CD1a-/CD11c-/CD14-/FcɛR1α-/CD16-/CD34-) cells were CD127+ and therefore 

considered non-NK ILC. Two thirds of the lineage negative cells were CD127-, a 

population of cells largely positive for NK and the ILC1 markers CD56 and NKp46. 

Further investigation of CD127+ ILC highlighted that they expressed CD161 but not 

CRTH2, a marker specific for ILC2 nor NKp44 and CD117, markers specific for ILC3s. 

Thus, consistent with production of IFNγ (Fig 2.4C), gingival ILCs were presumed to 

belong primarily to the ILC1 group. 



26 

 

 

 

Figure 2.4: Cytokine profiles of T cell and ILC subsets. (A) Ex-vivo IFN-γ and IL-17A 

production by T cell subsets. Cells were stimulated using PMA/Ionomycin and frequencies 

of IFN/IL17 secreting cells was evaluated in CD4+, CD8+ and TCRγδ+ cells. Representative 

plots shown (n=10). (B) Single/Live/CD45+ were evaluated for presence of Lineage 

specific markers Lin= (CD3-/CD19-/CD20-/CD1a-/CD11c-/CD14-/FcɛR1α-/CD16-/CD34-) 

and Lin- cells were evaluated following stimulation for secretion of IFN/IL17 

(representative plots shown, n=5). (C) Phenotypic analysis of the lineage negative 

population. Lin- cells were evaluated for expression of CD127 (ILC marker). Lin-CD127- 

were evaluated for CD56 and NKp46. Lin-CD127+ cells were evaluated for CD161+, 

CRTH2, NKp44, NKp46. 
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Shifts in major cell populations in the oral disease periodontitis 

Having performed a detailed characterization of immune cell subsets at the gingival barrier 

in health, presumably participating in local homeostasis, we aimed to demonstrate that our 

studies may provide a baseline for the interrogating of pathologic immune responses 

involved in oral diseases. To this end, we performed a small-scale study characterizing 

major shifts in immune cell populations encountered in the common oral disease 

periodontitis. Periodontitis is a microbe stimulated inflammatory disease, which in its 

chronic form is one of the most common human inflammatory diseases[88]. The hallmark 

of periodontitis is immune-mediated destruction of tooth supporting structures (including 

connective tissue and bone). To evaluate immune cell shifts with periodontitis we enrolled 

in our study a small cohort of severe-chronic periodontitis patients (Table 2), who 

displayed severe bone loss, visible inflammation and had never been previously treated for 

their disease. In this cohort we are able to evaluate true lesions of immunopathology 

subjected solely to natural progression. Histologic evaluation of lesional tissues reveals a 

significant increase of inflammatory cells associated with disease pathology (Fig. 2.5A). 

Evaluation of major cell subsets (Lymphocytes, Granulocytes and DC-Mac), reveal that 

the lymphocytic compartment, particularly the CD3+T cells remained the dominant 

population in both health and disease, yet in disease the total number of T cells is much 

greater, reflecting a 10-fold increase in total inflammatory cells. Within the lymphocyte 

compartment a B cell population (CD19+ cells), almost undetectable in health, becomes 

evident in periodontitis (Fig. 2.5B). However, the DC-Mac APC compartment 

(HLADR+CD19-) does not appear to significantly change in proportion with disease (Fig. 

2.5B). The greatest increase (bordering upon statistical significance despite a small number 
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of patients in our periodontitis cohort), was observed in the proportion of neutrophils 

(CD15+CD16+cells) in the gingival tissues of periodontitis patients (Fig. 2.5B).  

 

Th17 cells are the source of IL-17 in periodontitis 

Abundance of neutrophils has been linked to an upregulation of IL-17, which has been 

shown to be a key driving force of inflammatory bone loss in animal models of 

periodontitis[43]. Therefore, we characterize the representation of IL-17 secreting cells 

within the hematopoietic compartment in healthy and periodontitis gingival samples and 

found a significant increase in IL-17+ cells with disease (Fig. 2.5C, D). We interrogate 

possible sources of IL-17 and found that the major source of IL-17 are the CD4+ T cells, 

with minimal contribution from CD8, γδT and non-T cell sources (Fig. 2.5C, D). Although, 

CD4+T cells were the dominant source of IL-17 in health and disease, the percentage of 

CD4+ T cells producing IL-17 significantly increased in periodontitis. In contrast, CD8+ T 

cells, γδT cells and lineage negative sources demonstrate no increase in frequency of IL-

17+ producing cells (Fig. 2.5D). Importantly, in gingiva from periodontitis patients, CD4+ 

T cells preferentially up-regulated IL-17 and not IFNγ (Fig. 2.5E).  
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Figure 2.5: Shifts of major immune cell population in Chronic Periodontitis. (A) 

Histological sections (H&E) of Health (Health) and Chronic Periodontitis (Perio). 

Quantification of percentage of inflammatory cells in health and disease tissues (n=5 per 

group, 10- 20x fields counted per tissue). (B) Flow cytometric analysis of major immune 

cells in gingival tissues in health and in periodontitis. Cells were gated on 

Single/Live/CD45+ and analyzed according their internal granularity (SSC) and the 

expression of HLA-DR molecule. Granulocyte (Gran), DC-Mac and Lymphocyte (Lymph) 

gates marked also outlined. All cell subsets were confirmed with further flow cytometry 

for lineage markers. Frequencies of T (CD3) cells, B (CD19/20) cells, Granulocytes 

(CD15/CD16) and DC-Mac (HLADR+CD19-) subpopulations were graphed. (C) 

Production of IL-17 and IFNγ in Periodontitis. Analysis of cytokine production within 

CD4+, CD8+ and Lin- cells (Lin=CD3/CD19). Representative plots shown (n=5 per group). 

(D-E) Graphs showing percentage of CD45+IL-17 producing cells (D) and (e) CD45+IFNγ 

producing cells within the CD4, CD8, TCRγδ and Lin- populations (n=5 per group, 

*p<0.05). 
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IV. Discussion 

Herein we present an in-depth characterization of the immune cell network of the oral 

mucosa in health. Our particular focus was the gingival environment. The gingival crevice 

is a site of increased bacterial exposure due to its thinned epithelium and its close contact 

to a complex biofilm attached on the tooth surface. The gingival environment is also of 

particular interest due to its susceptibility to the common human inflammatory disease 

periodontitis (PD)[6, 88]. Consistent with increased bacterial exposure at this site, systemic 

bacterial translocation of microbiota from the periodontal pocket has been extensively 

documented and systemic antibody responses to multiple periodontal bacteria are well 

described particularly in the context of the oral inflammatory disease periodontitis [100] 

[101]. However, in health the immune system continuously patrols the local microbes and 

provides surveillance while tolerating commensals to provide periodontal stability. Our 

studies reveal a predominantly T cell rich inflammatory infiltrate, with minimal B cells 

present in health, an abundance of neutrophils and a diverse APC network poised to 

orchestrate local immunity.  

Comparisons of the immune cell network between gingival and buccal mucosa shows 

greater abundance of inflammatory cells in the gingival environment, consistent with an 

active response to the increased exposure to microbes and their products. The most notable 

cellular difference was the significantly greater abundance of neutrophils in gingiva, 

underscoring a location specific role for this immune cell population. Our findings are 

consistent with past observations indicating a constant transmigration of neutrophils in the 

gingival crevice [102]. Neutrophils are classically thought of as key cellular mediators of 

microbial surveillance and innate response. However it is increasingly recognized that 
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neutrophils also play important roles in inflammatory resolution through the release of anti-

inflammatory molecules and through their efferocytosis by tissue phagocytes [103] [104]. 

Our further characterization of the cell subsets in the gingival environment first focused on 

the APC network in gingiva. Previous studies of APC populations of the oral mucosa had 

demonstrated the presence of a diverse population of APC both in the epithelial layer 

(identifying CD1a+ DC) and submucosa, but importantly had been  performed prior to the 

recent definition of human APC subsets[105] and/or had focused primarily on disease 

states [106].  We document that the majority of APC in gingiva are CD14+, including 

HLADR+CD14+AF+ resident macrophages and HLADR+CD14+AF- cells which have 

previously been defined as migratory monocytes and shown to have the potential to 

contribute to the tissue macrophage pool[107]. CD14+ cells are considered poor stimulators 

of naive T cells, but are very efficient in regulating memory CD4+ T cell responses[90], 

which is of importance in the tissue environment. Dermal CD14+ cells express high 

amounts of IL-1α and GGT5, a property not shared by any blood or skin DCs, monocytes, 

or macrophages, suggesting a role in maintaining epithelial integrity and regulation of 

tissue inflammation including neutrophil migration[108, 109]. Within the remaining APC 

compartment, we find a small but distinct CD1a++ population, which has previously been 

shown to reside within the oral epithelium[105, 110] and which are frequently identified 

as Langerhans cells. In this location CD1a++ cells, would potentially be among the initial 

immune cells exposed to external microbial stimuli. Interestingly recent studies of 

experimental periodontitis elucidate a role for Langerin+ DC in the regulation of 

inflammatory responses mediating inflammatory bone loss [111]. Additional DC subsets 

identified include a small population of CD141+ and a larger population of CD1c+ DC. 
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Thus, the APC network of the oral barrier contains cell subsets identified at other barrier 

sites including HLADR+CD14+AF- cells, HLADR+AF- CD141+ and HLADR+AF-  

CD1c+CD11chi. However, the relative proportions of these previously identified APC 

subsets are very different at the oral barrier compared to that observed in the skin and 

gastrointestinal tract[93]. 

Evaluation of major T cell subsets in gingiva demonstrated that the CD4+ helper T cells 

predominate, as is generally the case in most tissues[89], followed by CD8+ T cells and 

small population of γδ T cells. Within the CD4+ T cell compartment 10-15% of CD4+ cells 

were Foxp3+, potentially regulatory T cells (Tregs). This frequency is somewhat lower than 

that seen at other barrier sites, for example 20% of CD4+ are Foxp3+ in adult skin [94]. The 

vast majority of CD4 T cells bear a CD45RO+ memory phenotype (as is the case for most 

tissue environments). In the CD8 compartment 50% of the cells had a memory phenotype 

similar to what has been reported in lung [97]. Most notable is a large resident terminally 

differentiated memory subset (rTEM) in both the CD4+ and CD8+ compartments. rTEM 

are thought to be retained in peripheral tissues and not recirculate [112-114] but become 

terminally differentiated cells that provide site specific protection [115]. This dominance 

of tissue-resident memory cells is similar to other barrier sites such as the lung, small and 

large intestine [116] Studies in mice have revealed an important role for tissue-resident 

memory CD4+ and CD8+ T cells in protective immunity to site-specific pathogens in the 

lung, skin and urogenital tract [114, 117]. Ascertaining the functional capabilities and 

developmental requirements of tissue-resident memory T cells at the oral barrier could 

provide key insights into the development of mucosal vaccines as well as the pathogenesis 

of PD. 
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Our studies also demonstrated the presence of innate lymphoid cells in human oral tissues. 

Recent studies suggest that ILCs mediate important effector functions during the early 

stages of the immune response against microbial pathogens, in the anatomical containment 

of commensals, and in maintaining epithelial integrity at barrier surfaces[98, 118]. In 

gingiva, lineage negative cells, presumably ILCs, are predominantly IFNγ+ suggesting they 

are NK and ILC1 type cells. Consistent with their functional characteristics, oral ILC in 

their majority were negative for CD127, but expressed either CD56 or NKP44, a 

characteristic of both NK cells and CD127- ILC1 cells [98]. Interestingly, CD14+ antigen 

presenting cells that dominate in oral tissues have been shown to promote the development 

of an ILC1 phenotype [119]. ILC1s are not yet well defined either by specific cell surface 

makers or function in humans. Intraepithelial CD127low ILC1s have been shown to express 

CD56 and NKp44 and respond to danger signals originating from epithelial cells and 

myeloid cells, suggesting that they play a role in the immune response against danger 

signals [120]. However, it is also possible that ILC may acquire unique characteristics in 

specific tissue microenvironments.   

We furthered our evaluation and interrogated functional capabilities of T cell and ILC 

populations and observe that the major cytokine produced following PMA/Ionomycin 

stimulation was IFNγ from both T cells and lineage negative sources. IL-17 was produced 

by a small percentage of lymphocytes in health and its production was primarily confined 

to the CD4 compartment. Interesting, IL22 a cytokine classically linked to barrier defenses 

was not detected by our ex vivo stimulation assay. 
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Our characterization provides the foundation for further developmental, phenotypic and 

functional insights into the immune populations that police the oral barrier. This study also 

sets a baseline of “physiologic immunity” against which we can now compare the dynamic 

changes of immune cell populations, and their functions in states of oral mucosal disease. 

Our investigations in lesions of the common oral inflammatory disease periodontitis 

identified lymphocytes (particularly T cells) as the dominant immune cell subset in 

periodontitis and confirms the increase in B cells and a significant increase in neutrophil 

numbers with disease [14],[121-123]. Our results are consistent with findings of  past 

histologic studies, validating our technique  for the characterization of gingival  disease 

lesions [14, 124],[121, 122].  Our current and previous studies underscore the importance 

of neutrophil regulation in periodontal stability. Consistent with past histologic 

observations, our study shows the significant increase in neutrophils in disease lesions of 

patients with chronic periodontitis [104] while our past work in patients with defective 

neutrophil transmigration due to a genetic defect in CD18 (LAD-I), demonstrated that lack 

of tissue neutrophils also leads to severe forms of periodontitis. While the multifaceted 

roles of the neutrophil continue to be dissected [103], it has become clear that tissue 

neutrophil imbalances are linked to a deregulation of the IL-17 axis.   

The cytokine IL-17 is considered a driving force of inflammatory bone loss, through the 

upregulation of RANKL and the activation of osteoclastogenesis as shown in arthritis and 

in animal models of periodontitis [30, 43].  The Th17 subset in particular has a direct role 

in osteoclastogenesis. Th17 cells express RANKL and have been shown to associate and 

activate osteoclasts in vivo [125]. Previous studies have identified an IL-17 dominated 

transcriptional signature in chronic periodontitis and have shown the presence of IL-17 
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secreting cells and Th17 through histology [41] [57]. However, with the limitations of 

previous approaches it was not possible to fully characterize sources of IL-17 and define 

dominant cellular sources. Our current study has now conclusively identified that the CD4+ 

T cell compartment is the major source of IL-17 in both healthy and diseased gingiva.   

Ultimately, understanding of the role of specific cell subsets in maintaining homeostasis 

and/or contributing towards the deregulation of the inflammatory response in this 

environment will provide mechanistic insights and can guide interventions for this common 

inflammatory mucosal disease. 
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CHAPTER III 

Isolation, Characterization and Functional Examination of the Gingival 

Immune Cell Network 

 

I. Introduction 

 

Gingival tissues surround the human and murine dentition and are constantly exposed to 

the complex biofilm of the tooth [86]. The immune cell network policing the gingival 

barrier is vital to maintaining tissue integrity, ensuring homeostasis with the local 

commensal microbes and, at the same time, providing effective immunity against 

pathogenic challenge [87]. To achieve this, the immune system is carefully tailored to the 

gingival environment creating a highly-specialized immune cell network, yet little detail is 

known of the gingival immune cell populations and their role in maintaining tissue 

immunity [87].  

When immune homeostasis is disrupted at the gingiva, either through increased host 

susceptibility and/or presence of dysbiotic microbial communities, an inflammatory 

condition arises; Periodontitis [10] [13]. Periodontitis is a common inflammatory disease, 

leading to loss of tooth supporting structures. In its severe form it is seen in approximately 

10% of the general population [2]. Because of the multifactorial and polygenic nature of 

this inflammatory condition, dissecting the key factors involved in susceptibility and 

progression of this disease has proven difficult [126]. However, animal models have been 
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extremely useful in understanding the mechanisms of periodontitis initiation and 

progression [127]. These can be employed to define the key cell populations and molecular 

mediators that are vital for maintaining immune homeostasis and which also drive 

development of periodontitis. Such insight will transform our understanding of tissue-

specific control of immune homeostasis at the gingiva and further our current 

understanding of disease pathogenesis; importantly revealing opportunities for therapeutic 

intervention.  

 

II. Protocol 

All experimental procedures described in this protocol followed required guidelines and 

were approved from of the Institutional Animal Care and Use Committee, NIDCR/NIH.  

1. Prepare in advance: 

1.1 Prepare Complete media: RPMI supplemented with 2mM L-glutamine, 100 

units/mL penicillin, 100 gr/mL streptomycin and 10% FBS. 

1.2 Prepare DNase media: 50 mL of RPMI media supplemented with 7.5 μg DNAse 

(Make fresh, keep on ice at all times). 

1.3 Prepare Collagenase-DNase media: 5 mL of DNAse media plus 3.2 mg/ml of 

Collagenase Type IV (Make fresh, keep on ice at all times). 

1.4 Prepare pre-cooled FACS buffer: 0.5 % FBS diluted in PBS. 

1.5 Pre-cool centrifuge to 4C.  
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1.6 Prepare shaker incubator at 37C. 

2. Dissection of gingival blocks and cell isolation  

2.1 Euthanize mice by exposing them to CO2 in an appropriate chamber, according to 

ARAC guidelines. 

2.2 To perfuse, open the thoracic and abdominal cavity to expose the heart and internal 

organs. Make an incision in the inferior vena cava and perfuse 3ml of PBS via the left 

ventricle using a 3mL syringe with a 27G needle.  

2.3 Immobilize the body and head of the mouse on a pad facing stomach up.  

2.4 Cut each commissure of the lip towards the neck with scissors, separating the skin 

that covers mandible and neck region, exposing the underlying tissues and muscles. Dissect 

the lower lip to uncover the mandible. 

2.5 Cut between the lower incisors to separate both sides of the mandible and 

immobilize each side, to access the oral cavity.  

2.6  Visualize and dissect the palate away from the nasal cavity.  

2.7 Dissect areas to include maxillary and mandibular molar areas with surrounding 

gingiva (Figure 3.1).  

2.8 Place the maxillary and mandibular blocks in a 50 mL conical tube with 5 mL 

Collagenase/DNase (keep on ice). 
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2.9 Incubate in a shaker incubator at 37C for 1 hour and during the last 5 minutes of 

incubation add 50 ul of 0.5M EDTA. 

2.10 Add 5 mL of cold DNAse media to the 50 mL tube with tissues and gently swirl to 

mix. 

2.11 Transfer the 4 blocks of tissue on a petri dish and cover with 500μl of DNAse media 

and remove gingiva from each block of tissue, using a scalpel blade. 

2.12 Transfer the tissues and the media from the petri dish as well as the previous media 

used, to a new 50 mL tube through the cell strainer. Wash with DNase media (3-  5 mL) 

all of the instruments used. 

2.13 Using the plunger of a sterile 3 mL syringe, mash the tissue against the strainer, 

filtering with cold DNAse media (30 to 35 mL). 

2.14 Wash the cell strainer with cold DNAse media. 

2.15 Centrifuge at 4C, 314 x g for 6 minutes. 

2.16 Discard the supernatant, re-suspend in 1 mL of complete media. 

3. Count cells (the expected amount should range between 8x105 to 1.2x106 cells) 

with an automated cell counter. 

4. Stimulation and FACS staining of gingival cells: 
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4.1 Stimulate the single cell suspension with PMA (50 ng/ml) and Ionomycin (2.5 

µg/ml) in the presence of 1ul/ml of Brefeldin A. 

4.2 Incubate for 3.5 hrs at 37C and 5% CO2. 

4.3 Spin down and wash with PBS and centrifuge at 4C, 314 x g for 6 minutes. 

4.4 Stain the cells with a viability stain, following the manufacturer instructions. 

4.5 Stain for extracellular markers following the manufacturer instructions. 

4.6 Wash the cells with cold FACS buffer and centrifuge at 4C, 314 x g for 5 minutes. 

4.7 Gently vortex to disrupt the cell pellet. 

4.8 Fix the cells with 2% Paraformaldehyde for 20 min at room temperature. 

4.9 Wash the cells with cold FACS buffer and centrifuge at 4C, 314 x g for 5 minutes 

and stain for intracellular cytokines. 

4.10 Top the FACS tubes with a solution of cold 0.5% saponin diluted in FACS buffer 

and centrifuge at 4°C, 314 x g for 5 minutes. 

4.11 Add 300 µL of 0.5% saponin solution to the FACS tubes, incubate for 15 minutes 

in the dark at 4°C and then centrifuge at 4°C, 314 x g for 5 minutes. 

4.12 Stain the cells for intracellular markers following the manufacturer instructions.  

Wash the cells with 0.5% saponin solution and centrifuge at 4°C, 314 x g for 5 minutes. 
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4.13 Wash again with FACS buffer and centrifuge at 4°C, 314 x g for 5 minutes. 

4.14 Re-suspend the cells in 300 µL of FACS buffer. 

4.15 Analyze results on a flow cytometer. 

5. Flow cytometry analysis 

5.1 Visualize cells to be analyzed on a (FSC) and side scatter (SCC) and gate to exclude     

debris 

5.2 Select single cells with FSC-A vs FSC-H parameters. 

5.3 Gate live and CD45+ for further analysis (Figure 3.2 A and C). 

5.4 Continue with the analysis for specific markers showed in Figure 3.2 and 3.3. 
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Figure 3.1. Isolation of murine gingiva. (A) Maxilla is dissected and blocks including the 

maxillary molars and surrounding gingiva are separated for subsequent isolation of 

gingival immune cells. Entire maxilla and isolated block shown. Hematoxylin and Eosin 

stain (H&E) of a maxillary molar segment with gingival tissues outlined is shown in low 

(B) and higher magnification in (C) Original magnifications indicated. 

 

III. Representative results 

As an example of the described protocol, we show representative results examining the 

immune cell network in the gingiva of mice with and without periodontitis (WT vs LFA-/- 

Figure 3.2A-C). Representative FACS plots show live CD45+ hematopoietic cells in the 

gingiva (Figure 3.2A, C). Isolation and processing of immune cells with this protocol is 

sufficient to perform ex vivo stimulation and characterization of cytokine secretion 

patterns. Here we show IL-17 and IFN-γ staining in total CD45+ cells in the steady state 
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(WT) and in mice exhibiting periodontitis (due to LFA deficiency) (Figure 3.2B-D). These 

data reveal the potential with this technique to capture cytokine profiles at steady state 

(WT) and in the context of local periodontitis (LFA-/-). In mice with periodontitis 

susceptibility we further characterized the gingival immune cell composition particularly 

of the T cell and Innate Lymphoid cell (ILC) compartments (Figure 3.3A-B). We were able 

to define the production of IL-17 and IFN-γ within the TCRβ+CD4+ T cell, TCRβ+CD8+ T 

cell, TCRγδ+ T cell, NK and ILC compartments (Figure 3.3C). 

 

 

Figure 3.2. Representative FACS data for cytokine production from gingival cells. (A-

C) FACS plot showing gate for live CD45+ cells in mouse gingival cell preparations 

following ex vivo re-stimulation with PMA and ionomycin in WT and LFA-/-. (B-D) 

Representative FACS plots showing IFN-γ and IL-17 staining in total CD45+ cells mouse 

from gingiva of mice with/without periodontitis (due to LFA-deficiency).  
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Figure 3.3. Cytokine production by immune populations in inflamed gingiva. (A) 

Representative FACS plot showing staining for TCRβ versus TCRγδ gated on CD45+ cells. 

Gating on TCRβ+ cells, middle plot shows CD4 versus TCRβ staining (allows for analysis 

of TCRβ+CD4+ T cells, TCRβ+CD8+ T cells and TCRγδ+ T cells). Gating on TCRβ- TCRγδ- 

cells, right plot shows CD45 versus NK1.1 staining (allows for analysis of NK cells). (B) 

Representative FACS plot showing staining for CD90.2 gated on CD45+ lineage negative 

cells (CD3−CD19−NK1.1−CD11c−CD11b−Ly6G− Ly6C−TCRγδ−TCRβ−) allows for 

analysis of innate lymphoid cells. (C) Representative FACS plots showing IFN-γ and IL-

17 staining in cell populations identified. Gingiva preparations are from 20-week-old LFA-

/- mice that exhibit periodontitis, data are representative of three independent experiments. 

 

IV. Discussion 

The current technique successfully yields a large number of immune cells (from a single 

mouse) suitable, not only for phenotypic characterization, but also for functional studies ex 

vivo. Another group had previously published a protocol to isolate and characterize murine 

gingival immune cells and introduced the importance of using multicolor flow cytometry 

in the study of periodontitis in animal models [111]. Following considerable 
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troubleshooting the key modification in this protocol was to include dissection of whole 

blocks of tissue in order to include both gingival collar areas and interdental gingiva 

(Figure 1). With gingival dissection alone, often full thickness flaps are not achieved and 

part of the gingiva is missed particularly in the interdental areas. Using this approach 

numbers of immune cells harvested are significantly increased. This technique also allows 

for optimal isolation of gingival tissues both from maxilla and mandible. 

Critical steps for this protocol are: 1. Conservative dissection of gingival areas to insure 

inclusion only of gingival and not mucosal tissues. This is accomplished by dissecting 

blocks to include minimal size tissues around teeth. 2. Speed of dissection and assuring 

that tissues and cells remain cold for optimal cell viability. 

Limitations of this protocol, inherent to the type of tissue dissected is the size of the 

gingival tissues, compared to other anatomical barrier sites studied (ex. skin or 

gastrointestinal tract) in which larger tissues are available.  

Previously, the technique presented here has allowed us to characterize the dominant cell 

populations in a murine model which spontaneously developed periodontitis; LFA-/- mice. 

In LFA-/- mice we identified a dominant IL-17 cytokine signature during the development 

of periodontitis [128]. With the ability to perform multicolor flow cytometric analysis we 

were able to define the cellular sources of IL-17 [30], identifying that in the disease setting 

IL-17 was produced by TCRγδ T cells, CD4+ T cells and innate lymphoid cells (ILC) 

locally within the gingiva  [128].  

With the substantial number of cells isolated with this methodology and the ability to 

identify even small subpopulations, it will now be possible to develop a comprehensive 
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understanding of the specialized immune cell network safeguarding gingival barrier 

integrity. This critical insight will allow us to define how immune responses are tailored to 

the gingiva, allowing effective immunity and regulation to be balanced at this unique 

barrier site. By employing this technique, we can now proceed to isolate specific 

constituents of the gingiva immune cell network by flow cytometric cell sorting, allowing 

additional analyses and characterizations to be undertaken. 
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CHAPTER IV 

Induction of Th17 Immunity at the Gingival Barrier is Linked to 

Progression of Periodontal Bone Loss 

 

I. Introduction 

 

Barrier resident immune populations integrate local cues to generate responses that 

preserve barrier integrity, maintain host-commensal interactions and aid in fighting 

infection [129, 130]. In recent years our understanding of barrier-tailoring of immune 

responses has dramatically expanded. This is particularly true in the gastrointestinal (GI) 

tract and skin, where tissue-specific and microbial-derived signals have been shown to 

shape the immune surveillance network and immune responsiveness [131-133]. Yet, little 

is known regarding the development of tissue-specific immunity at the gingiva, an essential 

oral barrier that supports the dentition, harbours a complex commensal microbiome and is 

a site where food antigens are first encountered prior to GI tract entry. Indeed, how 

effective immunity and regulation are balanced at this oral barrier is poorly understood. 

Expanding our understanding of the basic mechanisms controlling immunity at this barrier 

is important as breakdown of controlled immune responses at the gingiva leads to 

periodontitis; the most common inflammatory disease of humans [88]. Additionally, 

periodontitis has been linked to the potentiation of a plethora of inflammatory conditions, 

such as cardiovascular disease and rheumatoid arthritis [6]. Therefore, understanding the 
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mediators of health and disease at the gingiva may have broad-reaching implications for 

systemic inflammation.  

Th17 cells are key mediators of barrier immunity, participating in immune surveillance and 

maintenance of barrier integrity [134]. Importantly, this CD4+ T cell subset has been 

implicated in mediating protective immunity as well as pathogenic inflammation at the oral 

barrier. The development of Th17-responses at barriers such as the skin and GI tract is 

linked to tissue-specific factors, particularly colonization by site-specific commensals 

[132, 133]. However, in the gingiva the factors controlling tissue-specific immunity remain 

ill-defined, and as such it is not known how Th17 cells are induced in this environment. 

The critical role of Th17 cells in mediating protection at the oral barrier is evident in 

patients with genetic defects in Th17 cell differentiation and/or function; these patients 

present with severe/recurrent oral fungal infections [135, 136]. However, exaggerated 

Th17-responses at the gingiva are detrimental and have been shown to promote 

inflammatory bone loss and tissue damage in periodontitis [43, 128]. How Th17 cells are 

induced in the gingiva and subsequently become deregulated in periodontitis is poorly 

understood. Therefore, elucidating the factors involved in the induction and regulation of 

Th17 cells in this environment will shed light into the tissue-specific cues that regulate 

immunity in the gingiva. 

Here we delineate the mechanisms controlling accumulation of Th17 cells in the gingiva. 

Our data show that the gingival IL-17-producing CD4+ T population increased with age. 

Exploring this increase in Th17 cells in older mice we found that the mechanisms 

controlling CD4+ T cell effector function in the gingiva are different to those operating at 

other barrier sites. Our data demonstrate that gingival Th17 cells were dependent upon IL-
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6-signals and IL-17 production is linked to alveolar bone loss. Combined, our data show 

that induction of Th17 immunity at the gingival barrier is linked to progression of 

periodontal bone loss 

 

II.  Materials and Methods 

 

Mice 

C57BL/6 and IL17A-/- mice were from Taconic or the NIAID-Taconic exchange. C57BL/6 

mice were also purchased from the Jackson Laboratory (USA). Other gene-deficient 

animals were IL-23p19-/- (from G. Trinchieri (NCI, NIH)), IL-6-/-
 (from S. Anderton 

(University of Edinburgh)), IL-1α/β-/-[137] (from S Jones (University of Cardiff)). All 

experiments were approved by appropriate governing bodies and performed following 

local rules. 

Preparation of single cell suspensions 

Gingiva was dissected and digested for 50 minutes at 37oC with Collagenase IV (Gibco) 

and DNase (Sigma) as previously described in chapter I. Single-cell suspensions were 

obtained from small intestinal Lamina Propria following digestion at 37oC with Liberase 

CL (Roche) and from the skin following digestion with Liberase TL (Roche) as previously 

described [133]. 

Flow cytometry 

Single-cell preparations were stained with antibodies from eBioscience, BD Pharmingen 

and Biolegend. Foxp3, Ki67 and Bcl-2 were stained using the eBioscience Fix/Perm kit 

and cytokines stained in buffer containing 0.5% Saponin (Sigma). Dead cells were 
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excluded by use of a Live/Dead fixable dye (Biolegend). Samples were acquired using a 

Fortessa (BD Biosciences) and analyzed with FlowJo software (Treestar).  

Ex vivo re-stimulation for cytokine detection 

Cells were stimulated with 50ng/ml PMA (Sigma-Aldrich) and 5μg/ml Ionomycin (Sigma-

Aldrich) in the presence of GolgiPlug (Brefeldin A; BD Biosciences). After 3.5-4 hours 

cells were stained for flow cytometric analysis. 

Bone loss Measurements 

Periodontal bone heights were assessed following defleshing and staining with Methylene 

blue. The distance between the Cemento-enamel junction and alveolar bone crest (CEJ-

ABC distance) was measured at 6 predetermined sites as previously described [43], and 

combined to give a total CEJ-ABC distance.   

Statistics 

P values were determined with Student’s unpaired t-test unless otherwise stated. 
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III. Results 

 

Gingiva Th17 cells increase with age 

In order to understand local induction of Th17-responses, we examined IL-17+ T cells in 

mouse gingiva, the mucosal tissue surrounding the dentition and the key oral barrier in 

periodontitis. At steady-state, Th17 cells are enriched at barrier sites; specifically the GI 

tract and skin [133, 138]. In contrast, few Th17 cells were seen in the gingiva of 8-week 

old, young mice (Fig. 4.1A). However, by 24-weeks of age (considered middle-age in 

aging studies) Th17 cell frequencies (Fig. 4.1B,C) and numbers (Fig. 4.1D) became 

significantly elevated in the gingiva, indicating a physiologic development of a Th17-

network with age.  

This increase in Th17 cells at 24-weeks was specific to the gingiva and was not seen at 

other barriers, the oral-draining lymph node, or spleen (Fig. 4.1E). This age-dependent 

expansion was unique to Th17 cells, as gingiva from 24-week old mice exhibited decreased 

frequencies, although not total numbers, of IFNγ-producing T cells (Fig. 4.1B,C) and an 

unchanged Treg cell network (Fig. 4.1F). Thus, unlike other barrier sites, the gingiva showed 

a remodeled cytokine network during aging. This natural, age-driven increase in Th17 cells 

provided the ideal setting for us to probe the development of disease-relevant gingival Th17 

cells.   
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Figure 4.1. Frequencies of oral barrier IL-17 producing CD4+ T cells increase with 

age. (A-D) Single cell preparations of mouse gingiva were stimulated with PMA and 

ionomycin. Representative FACS plots show IFNγ versus IL-17 staining gated on CD4+ T 

cells in the gingiva of (A) 8- and (B) 24-week old mice. (C) Bar graphs show frequencies 

of gingiva CD4+ T cells producing IFNγ (left) and IL-17 (right). (D) Bar graph shows 

number of gingiva IL-17+CD4+ T cells. (n=8; data from 4 experiments). *p<0.05, 

**p<0.005 as determined by one-way ANOVA. (E) Bar graphs show frequencies of CD4+ 

T cells producing IL-17 in the small intestinal lamina propria (SI Lp), oral barrier draining 

lymph node (LN) and spleen of 8- (n=4-5) and 24-week old (n=5-12) mice. (F) Bar graph 

shows frequency of CD4+Foxp3+ T cells in the gingiva of 8- (n=6) and 24- (n=4) week old 

mice, examined over 3 experiments. 
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Gingival Th17 cells are dependent upon IL-6 

Next, we sought to determine the cytokine cues required for gingival Th17 cells. We first 

examined a role for IL-1 and IL-23, cytokines that promote the Th17 phenotype in naïve 

CD4+ T cells [45, 139] and are key for the development and maintenance of Th17 cells in 

the GI tract and skin [133, 140, 141]. Strikingly, IL-1 and IL-23 were dispensable for 

gingival Th17 cells (Fig. 4.2 A,B) as cytokine-deficient animals, specifically IL-1α/β-/- 

(Fig. 4.2A)  as well as IL-23p19-/- (Fig. 4.2B) mice exhibited unchanged frequencies of 

gingival Th17 cells.  

IL-6 also promotes Th17 differentiation [47, 142, 143]. Here we show that development of 

gingival Th17 was dependent on IL-6-signals as Th17 cells were drastically reduced in the 

gingiva of IL-6-/- animals (Fig. 4.2C). These data indicate that distinct signals support Th17 

cells in the gingiva compared to those in operation at other barrier sites, with IL-6-signals, 

and no other described signals like IL-1 or IL-23, required to promote Th17 T cells in this 

specific site. 
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Figure 4.2. Differentiation of oral barrier Th17 cells is dependent upon IL-6. (A-C) 

Representative FACS plots showing IFNγ versus IL-17 staining gated on gingiva 

CD45+TCRβ+CD4+ T cells from age-matched aged control or gene-deficient animals and 

bar graphs show frequency of gingival CD4+IL-17+ cells in; (A) control (n=8) and IL-1α/β-

/- mice (n=7), (B) control (n=4) and IL-23p19-/- mice (n=4), and (C) control (n=7) and IL-

6-/- mice (n=9), examined over 2-4 experiments. 
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IL-17A mediates age associated bone loss  

While Th17 could mediate a degree of barrier protection, these cells are also associated 

with periodontal bone loss and accumulate in gingiva with age as demonstrated in Figure 

1. We speculated that long-term exposure to IL-17A could be detrimental and mediate 

pathogenic consequences at the gingiva. Periodontal bone heights were measured (cement-

enamel junction (CEJ) to alveolar bone crest (ABC) distances) and documented periodontal 

bone loss in 24- compared to 8-week old mice (Fig. 4.3A). We observed significant 

increased bone loss in 24-week-old mice compared to 8-week-old mice, suggesting a 

negative consequence of the gingiva cytokine network with age. Moreover, this negative 

consequence was mediated by IL-17A, as reduced bone loss was seen in 24-week old IL-

17A-/- mice (Fig. 4.3B). 
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Figure 4.3. IL-17A inhibition confers resistance to age related bone loss. (A) Cemento-

Enamel Junction (CEJ) to Alveolar Bone Crest (ABC) distances in maxilla of 24-week 

(closed squares; n=5) and 8-week (open circles; n=5) old mice. (left) CEJ-ABC distance 

was measured at 6 defined points across the molars. (right) Graph shows total CEJ-ABC 

distance. (B) CEJ to ABC distances in maxilla of 24-week old wild-type (open squares; 

n=9) or IL-17A-/- (closed circles; n=9) mice. (left) CEJ-ABC distance measured as in (A), 

(right) Graph shows total CEJ-ABC distance. 
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IV. Discussion 

 

Collectively, our data delineates tissue-specific cues responsible for supporting gingival 

Th17 cells, revealing that novel mechanisms govern CD4+ T cell education at this barrier 

compared to others. Th17 cells are enriched at barriers where they mediate key protective 

roles [132, 133]. However, here we show that in health few Th17 cells patrol the gingiva 

in both young adult mice and humans. Nevertheless, this Th17 cell population expanded in 

the gingiva with age. Although increased Th17 differentiation has been reported for T cells 

from elderly humans and mice [144], elevated frequencies of gingival Th17 cells occurred 

by 24-weeks of age, an earlier time-point than previously examined and, importantly, one 

at which increased Th17 cells were not seen at any other site examined; highlighting 

specific expansion of this CD4+ T cell fate in the gingiva. 

 Having demonstrated that Th17 accumulate in gingiva with age, we sought to understand 

the cytokine cues driving differentiation of these disease relevant cells. Induction of the 

Th17 fate is driven by the cytokines TGFβ, IL-1β, IL-23 and IL-6 [45, 47, 142, 143]. Again, 

contrasting other barrier sites, we show that gingival Th17 cells develop in the absence of 

IL-1-signalling. Key roles for IL-1 in supporting the development and maintenance of Th17 

cells have been shown in both the skin and GI tract [133, 140, 141]. Yet it is likely the IL-

1 at these sites is produced in response to the microbiota [133, 145]. Subsequently we 

determined that IL-6-signals were vital for gingival Th17 development. IL-6 is not required 

for Th17 development in the skin [133] and this has also been suggested for the GI tract 

[140]; again indicating a differential control of Th17 development. 
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IL-6 is a pro-inflammatory cytokine associated with numerous diseases including 

rheumatoid arthritis and periodontitis.  When IL-6 binds to its receptor (IL6R and gp130) 

it leads to activation of JAK1 and STAT3, the latter a key molecule in Th17 differentiation 

from naïve T cells [146]. In the oral cavity, immune cells, but also stromal cells, are 

important sources of IL-6 which is secreted under pathological but also physiological 

processes. Our results lead us to speculate that constant cytokine stimulation in gingival 

tissues contributes to Th17 accumulation over the time. This gradual gathering of Th17 

with age provides protective and deleterious responses to periodontal tissues.   

In association with Th17 accumulation, this bone loss was driven by IL-17A, confirming 

previous interventional studies in experimental periodontitis. Elevated Th17 cells [43, 128] 

are causative in periodontitis, as are dysbiotic microbial communities that stimulate 

aberrant inflammatory responses promoting the disease in mouse models [62] and in 

susceptible patients [10, 147]. Moreover, and related with our results of increased bone 

loss with age, epidemiological studies have revealed an increased prevalence of 

periodontitis in elderly communities. Further studies need to be conducted in these groups 

to evaluate the accumulation of Th17 cells in gingival tissues and to assess the possible 

role of these cells in humans. 

In sum, we demonstrate that Th17 cells accumulate in gingiva with age and IL-6 is a critical 

cytokine signal for Th17 cell differentiation in periodontal tissues; this starkly contrasts 

developmental requirements for these cells at other barrier sites. Additionally, we 

demonstrated that IL-17A mediates age related bone loss. These data provide novel insight 

into tissue training of immunity at the gingiva, outlining that different signals dominate in 
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tailoring immune responses at distinct barrier sites and suggesting unique ways to modulate 

pathogenic gingival Th17-responses. 
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CHAPTER V 

Studies in AD-HIES Syndrome Reveal Pathogenic Role for the Stat3-

Th17 Axis in Inflammatory Bone Loss 

 

I. Introduction 

 

Th17 cells have been well recognized for their role in barrier immunity and immune-

surveillance of fungi and select extra-cellular bacteria [148, 149]. However, the Th17 cell 

type has also been increasingly implicated in chronic inflammation /autoimmunity and is 

currently being targeted in a variety of autoimmune pathologies [37]. The role of Th17 

cells in immuno-protection vs immunopathology has been shown to be context dependent 

with specific tissue and microenvironment cues regulating the character and function of 

Th17 cells during immunity [150]. It is therefore well appreciated that dissecting Th17 

function is most meaningful within specific tissue and inflammatory contexts. 

In the oral mucosa Th17 cells have been unequivocally shown to have a critical role in 

fungal immunity as demonstrated in experimental models and subsequently confirmed in 

humans [148, 149]. Indeed, patients with genetic defects in IL-17A signaling and Th17 

differentiation present with severe susceptibility to oral and muco-cutaneous candidiasis 

[149, 151].  Conversely, exaggeration of IL-17A dependent responses within the oral 

microenvironment has been associated with the common chronic inflammatory disease 

periodontitis, yet a pathogenic role for Th17 cells has not been conclusively established. 
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Indeed, upregulation of IL-17A has been documented in human periodontitis disease 

lesions but the role of IL-17A and Th17 cells in human disease remains unknown [33, 41]. 

However, a recent interventional study in experimental periodontitis, demonstrated that 

local treatment with IL-17A antibody inhibited bone loss [43]. Yet, the question of whether 

the Th17 subtype is the critical one contributing to disease pathogenesis in murine models 

and human disease remains unanswered. Our study aimed to decipher the 

physiologic/pathologic impact of Th17 in the context of oral immunity/periodontitis and 

investigate Th17 inhibition in the treatment of periodontitis.  

Through human studies in patients with a genetic defect in Th17 differentiation (Autosomal 

Dominant Hyper- IgE syndrome) we show that immunity in these individuals display 

markedly reduced oral inflammation and decreased susceptibility to periodontal 

inflammatory bone loss. Confirming our human findings, inhibition of Th17 differentiation 

in experimental models resulted in resistance to inflammatory bone loss, implicating Th17 

cells as a pathogenic cell subtype driving pathology in periodontitis and suggesting 

therapeutic inhibition of Th17 differentiation. Indeed, in complementary preclinical studies 

we targeted Stat3, a critical element in Th17 differentiation, in experimental periodontitis 

and demonstrated efficacy in the prevention of inflammatory bone loss. Collectively our 

human observations and experimental work reveal a pathogenic role for Th17 and support 

its inhibition in periodontitis. 
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II. Materials and methods 

Human Samples 

For inclusion in the healthy volunteer group, subjects reported good general health and had 

no significant medical history (for details on patient inclusion see Table 2.1). Diagnosis of 

AD-HIES was evaluated by experienced clinicians, assisted by a diagnostic scoring system 

comprising immunological and non-immunological features [152]. The diagnosis was 

confirmed by the identification of STAT3 mutation. All subjects were evaluated for the 

presence of active infections, mucosal lesions and presence/history of periodontal disease. 

Subjects exams included full mouth evaluation of bone loss and inflammation; probing 

depths (PD), attachment loss (CAL) and bleeding on probing (BOP). For inclusion in the  

oral health group, patients had to be in pristine oral health, with no visible mucosal lesions, 

no visible gingivitis, no evidence or symptoms of xerostomia, have minimal 

history/presence of caries and be periodontally healthy [88]. Criteria for the oral health 

group included no sites with PD/CAL>3mm, BOP<10% and no visible gingival 

inflammation. For inclusion in the periodontitis group, subjects have to be diagnosed with 

severe generalized chronic periodontitis and not been previously treated [88]. Patients in 

the severe generalized periodontitis group had generalized PD>5mm, generalized BOP and 

visible gingival inflammation. Subjects in gingivitis group presented evidence of 

inflammation, and limited loss of attachment (PD/CAL3 mm) [153].  All subjects signed 

informed consent and enrolled on an IRB approved protocol (clinicaltrials.gov 

#NCT01568697 and NCT00006150) at the NIH Clinical Center. 
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Mice 

C57BL/6 mice were purchased from the Jackson Laboratory (USA). Cd4 Cre-Stat3fl/fl and 

mut-Stat3 mice were donated by J.J. O’Shea (NIAMS, NIH). Mice were 8-10 weeks old. 

All experimental procedures described followed required guidelines and were approved 

from of the Institutional Animal Care and Use Committee, NIDCR/NIH. 

Ligature periodontitis model 

To induce bone loss, a 5-0 silk ligature was tied around the maxillary left second molar, as 

previously described [154]. The contralateral molar tooth in each mouse was left un-ligated 

to serve as a baseline control for bone loss measurements. The ligatures remained in place 

in all mice throughout the experimental period. The mice were euthanized at day 5 after 

placement of the ligatures, and defleshed maxillae were used to measure bone heights. 

Real-time RT-PCR 

Total RNA was obtained from cells with an RNeasy Mini or Micro kit (Qiagen) or from 

gingival tissues using Trizol and cDNA synthesized using Superscript reverse transcription 

kit (Invitrogen/Life Technologies). Quantitative real-time PCR for human and mice 

samples employed TaqMan primers/probes (Applied Biosystems), and results normalized 

to hprt expression. 

Preparation of single cell suspensions 

Human or murine gingiva was dissected and digested for 50 minutes at 37oC with 

CollagenaseIV (Gibco) and DNAse (Sigma) as previously described in chapters II and III.  

Flow cytometry 

Single-cell preparations were stained with antibodies from eBioscience, BD Pharmingen 

and Biolegend. Cytokines were stained in buffer containing 0.5% Saponin (Sigma). Dead 
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cells were excluded using a Live/Dead fixable dye (Biolegend). Samples were acquired 

using a Fortessa (BD Biosciences) and analyzed with FlowJo software (Treestar).  

Ex vivo re-stimulation for cytokine detection 

Cells were stimulated with 50ng/ml PMA (Sigma-Aldrich) and 5μg/ml Ionomycin (Sigma-

Aldrich) in the presence of GolgiPlug (Brefeldin A; BD Biosciences). After 3.5-4 hours 

cells were stained for flow cytometric analysis. 

Bone loss Measurements 

Periodontal bone heights were assessed following defleshing and staining with Methylene 

blue. The distance between the cemento-enamel junction and alveolar bone crest (CEJ-

ABC distance) was measured at 6 predetermined sites as previously described [43, 154], 

and combined to give a total CEJ-ABC distance. 

Gene expression analysis by NanoString  

Human and murine gingival tissues were dissected and total RNA was hybridized with 

reporter and capture probes for a human or murine immunology panel (NanoString 

Technologies) as per manufacturer’s instructions. Data were normalized to housekeeping 

genes. Transcript counts less than the mean of the negative control transcripts plus 1 SD 

for each sample were considered as background. Data were analyzed using nSolver 

analysis software 3.0 (NanoString technologies). 

Statistics 

P values were determined with Student’s unpaired t-test unless otherwise stated. 
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III. Results 

Th17 cells are the dominant source of IL17 in human and murine periodontal 

inflammatory bone loss 

IL-17A is one of the signature mediators detected in the lesions of human chronic and 

aggressive periodontitis [33, 41] (also in figure 5.1A) and upregulated in experimental 

periodontitis (figure 5.1B). However, the cellular sources of IL-17A and whether they are 

driving forces of disease pathology is not clear.  We demonstrate a significant increase in 

proportion and cell numbers of total IL-17A secreting cells in the context of human chronic 

periodontitis (Figure 5.1C-D). Interrogating the source of IL-17A in the lesions of 

periodontitis we find that the main (almost exclusive source) of IL-17A in periodontitis is 

the CD4+ T cell (Th17) cellular compartment (Figure 2.5 and Figure 5.1E). These data 

potentially implicate Th17 cells in human periodontitis.  

Paralleling human findings, in experimental periodontitis we also document a significant 

up-regulation of total IL-17A producing cells in lesions of experimental periodontitis 

(Figure 5.1B). We further document that the majority of IL-17A secreting cells in our 

experimental model of periodontitis are the CD4+-Th17s, yet in the murine inflammatory 

lesions we also find substantial contribution from T cells and innate lymphoid cells 

(Figure 5.1 F-H).  

Given the almost exclusive IL-17 production from Th17 cells in humans we were 

particularly interested in investigating their role in the pathogenesis of periodontal 

inflammatory bone loss.  
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Figure 5.1: Th17 responses are upregulated in human and murine periodontal 

inflammatory bone loss. (A). Cytokine expression determined by qPCR in lesions from 

severe chronic periodontitis and gingivitis patients. Expression of cytokines are shown for 

periodontitis samples relative to gingivitis. (n = 4 per group). (B). Il17a expression by 

qPCR in ligated and baseline gingival murine tissues. Results are presented as fold 

induction relative to baseline tissues, assigned an average value of 1. (n = 3 per group). (C) 

FACS plot show IL-17 production by CD45+ human gingival cells in health (left) and 

periodontitis (right). (D) Bar graph shows number of human gingival CD45+IL17+ cells in 

healthy (n=11) and periodontitis subjects (n=7). *** p= 0.0003 as determined by Mann-

Whitney test. Error bars represent mean ± SEM. (E) Bar graph shows frequencies of 

gingival CD4+ T cells and other IL17 producing cells from periodontitis affected subjects. 

**** p<0.0001 as obtained by unpaired Student’s t test. Error bars represent mean ± SEM. 

(F) FACS plot show IL-17 production by CD45+ murine gingival cells in ligature induced 

periodontitis model. Numbers indicate percentage of cells. (G) Bar graph shows number 

of murine gingival CD45+IL17+ cells in baseline (left) and after ligature induced 

periodontitis model (right). *p=0.02 as determined by Mann-Whitney test. Error bars 

represent mean ± SEM. Ligated n=6, baseline n=6. Data from three separate experiments. 

(H) Bar graph shows frequencies of gingival CD4+, TCRγδ+ and Lin- Thy-1.2+ IL-17 

producing cells from ligature induced periodontitis tissues. Percentages were obtained 

from live, single CD45+ IL17+ cells. Lineage use was the following: TCRβ, TCRγδ, Ly6C, 

B220, CD11b, CD11c. **p=0.002, **** p<0.0001 as determined by one-way ANOVA. 

Error bars represent mean ± SEM. 
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In humans, defects in Th17 differentiation are linked to reduced susceptibility to 

periodontitis 

Deciphering whether Th17 cells drive periodontal inflammatory pathology in humans 

poses a great challenge. Typically, therapeutic inhibition of specific pathways in humans 

will indicate whether these pathways /molecules are implicated in disease pathology. To 

date, therapeutic inhibition of IL-17 related cytokines has not been attempted in chronic 

forms of periodontitis, due to lack of conclusive evidence implicating this pathway.  

However, the Mendelian human disorder AD-HIES is a natural model for Th17 inhibition 

and provides a unique human setting to decipher the physiologic role of Th17 cells in 

humans. AD-HIES patients bear an autosomal dominant, loss of function mutation in the 

STAT3 gene [54], that leads do reduced STAT3 signaling and consequent defective 

differentiation of Th17 cells. Patients do not have circulating Th17 cells and their T cells 

fail to differentiate in vitro into IL-17 producing cells even under cytokine pressure [55]. 

We inquired what the consequences of defective Th17 differentiation are on 

oral/periodontal tissue immunity and susceptibility to oral disease, with a particular focus 

on periodontitis. 

To evaluate consequences of AD-HIES/ STAT3 LOF on Th17 tissue differentiation and 

related oral/periodontal immunity we collected gingival biopsies from AD-HIES patients 

and gender and approximate age matched healthy volunteers (Figures 5.2 A-C). Tissues 

from patients and healthy volunteers were all clinically healthy in an effort to evaluate 

consequences of STAT3 LOF at steady state, without the pressure (not compounded with) 

of local infection/inflammation.  We determined that total numbers of CD4 IL17-producing 
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cells were significantly reduced in periodontal tissues from AD-HIES patients compared 

with healthy volunteers (Figure 5.2A-B). At mRNA level and despite a significant 

upregulation of Th17 inducing cytokines (IL6 and IL23, conceivably in an effort of the 

system to compensate for defective STAT3 signaling) within the gingival tissues, total 

IL17A gene expression was not upregulated (Figure 5.2C). Moreover, the signature 

transcriptional regulator of Th17 cells RORC was significantly down-regulated, reflecting 

reduced development/differentiation of Th17/IL17-producing cells even within the tissue 

microenvironment. Consistent with reduced Th17 cells numbers in gingival tissues, direct 

downstream targets of IL-17A such as neutrophil chemo-attractants (CXCL2) and 

antimicrobial peptides (DEFB103 and S100A8/9) were also significantly down-regulated 

(Figure 5.2C). This blunted tissue Th17 immunity was associated with significant 

susceptibility to oral candidiasis, with 85% of the patients presenting with recurrent 

candidiasis episodes necessitating continuous anti-fungal prophylaxis (Figure 5.2E). 

Susceptibility of AD-HIES patients to oral candidiasis has been previously well 

established [151, 155, 156] and the critical role of IL17 and related antimicrobial peptides 

in fungal immunity is well appreciated [35, 148, 149]. Unlike susceptibility to fungal 

infection, AD-HIES did not show susceptibility to periodontitis, demonstrating a redundant 

role for Th17 surveillance of the periodontal microbiome. In fact, in a cohort of 25 AD-

HIES we document profoundly decreased oral/gingival inflammation (despite increased 

plaque) and minimal periodontal bone loss, significantly reduced compared to an age-

gender matched healthy volunteer population (Figure 5.2D). This unique and rare patient 

cohort serves as a natural model of Th17 inhibition in humans and suggests that Th17 

inhibition protects from periodontal inflammatory bone loss in humans.  
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Figure 5.2 Blunted Th17 response and reduced periodontitis susceptibility in humans 

with STAT3 LOF (A) FACS plots show IL-17A production by CD4+ human gingival cells 

in healthy volunteers (left) and AD-HIES (right). Total numbers obtained after single cell 

preparation and PMA-ionomycin stimulation. Numbers indicate total numbers of cells. (B) 

Bar graph shows total number of human gingival IL-17A producers within the CD4+ 

compartment. **p<0.01 as obtained by Mann Whitney test. Error bars represent mean ± 

SEM. (C) Bar graph shows 10 log fold change in expression of indicated genes in AD-

HIES gingival tissues compared to those from healthy volunteers. Data obtained from a 

total of four samples per group. (D) Bar graphs show clinical attachment loss (bone loss) 

and frequency of bleeding sites (Inflammation score) from 25 AD-HIES subjects and 29 

healthy volunteers (HV). Measurements were made in all teeth and expressed in 

millimeters (bone loss) or dichotomically (inflammation score). *p=0.03 and 

****p<0.0001 as obtained by Mann Whitney test. Error bars represent mean ± SEM. (E) 

Pie chart shows frequency of AD-HIES subjects susceptible to oral candidiasis. Total 

cohort of 36 AD-HIES subjects. 
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Our data show that humans with AD-HIES have reduced susceptibility to periodontal 

inflammation and bone loss, however in the human setting one cannot conclusively prove 

resistance to this inflammatory phenotype. To interrogate resistance to periodontal 

inflammatory bone loss we subjected the murine model of HIES to experimental 

periodontitis. The mouse model of HIES (mut-Stat3) was generated as a transgenic mouse 

bearing a mutation of Stat3 commonly encountered in AD-HIES patients (a deletion of 

V463 Stat3 DNA binding domain). The specific model expressed 2 copies of the transgene 

providing the appropriate ratio of WT to mutant alleles seen in HIES patients [157] . We 

subjected the HIES mouse model to experimental periodontitis and found that mice bearing 

a LOF Stat3 mutation have reduced inflammatory bone loss, phenocopying observations 

in the human setting (Figure 5.3A-B). We further inquired whether this reduced 

susceptibility was linked to defective differentiation of IL-17A secreting cells (Stat3 

involved in the differentiation of lymphocyte IL-17A producers [55, 157]). Interestingly, 

while we document decreased induction of Th17 cells during experimental periodontitis in 

mut-Stat3 mice other lymphocyte sources of IL-17A remained intact, suggesting that 

inhibition of Stat3 activity in an inflammatory setting preferentially targets the Th17 

compartment and indicating that reduction of Th17 cells specifically protects from 

periodontitis inflammatory bone progression (Figure 5.3C-F). Beside its role in Th17 

differentiation, Stat3 is involved in several other physiological processes in hematopoietic 

and stromal cells subtypes [51] that may influence the observed protective effect. To isolate 

the effect of Th17 cells in periodontitis bone progression, we targeted Stat3 only in the 

CD4 compartment. 
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Figure 5.3. Stat3 loss of function confers resistance to periodontal bone loss (A) Bar 

graph shows measurement of periodontal bone loss in mut-Stat3 (n=12) and littermate-

control (n=15) mice after ligature induced periodontitis. Bone loss was calculated as bone 

height in baseline minus bone height in ligated periodontal tissues. **** p<0.0001. Error 

bars represent mean ± SEM. (B) Representative images of maxillae after ligature induced 

bone loss in mut-Stat3 and littermate-control. Yellow dashed lines represent the cement 

enamel junction (CEJ) and alveolar bone crest (ABC) used to calculate bone loss. (C-F) 

Bar graphs show numbers of gingiva IL-17A+ cells from mut-Stat3 and littermate-control 

mice. Analysis were made using flow cytometry of cell preparations isolated from mouse 

gingiva in ligature induced periodontitis (black bars, n=6) and baseline (white bars, n=6). 

(C) Number of IL17+CD45+ cells. (D) Numbers of IL17+CD4+ cells. (E) Numbers of 

IL17+TCRγδ+ cells. F. Numbers of Lin- Thy1.2+IL17+ cells. Data from three separate 

experiments. *p<0.05; **p<0.01. Error bars represent mean ± SEM. 
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Blocking Th17 differentiation confers protection from inflammatory bone loss 

To assess the role specifically of Th17 cells as potential drivers of inflammatory bone loss 

we evaluated a murine model with a genetic defect in Th17 differentiation. Stat3 is a 

critical/early transcription factor in the differentiation of Th17 cells [48, 55]. We subjected 

Cd4Cre-Stat3fl/fl (Stat3Cd4) mice to experimental periodontitis and evaluated tissue 

specific differentiation of Th17 cells and susceptibility to inflammatory bone loss (Figure 

5.4 A-G). We found that Stat3Cd4 mice had no detectable Th17 cells in their gingival 

tissues at steady state but also did not have detectable tissue Th17 even under the 

inflammatory pressure of experimental periodontitis (Figure 5.4B). Unlike Th17 inhibition, 

the other sources of IL17 (γδT and ILC) remained largely intact at steady state and during 

experimental periodontitis, providing a model for the evaluation of the specific role of 

Th17 in inflammatory bone loss (Figure 5.4C-D).  Assessing functional consequences of 

defective Th17 differentiation in periodontitis we document almost complete inhibition of 

bone loss in the absence of Th17 cells in Stat3Cd4 mice compared to littermate controls 

(Figure 5.4 E-F). These data support the specific role of Th17 cells as drivers of periodontal 

inflammatory bone loss.  

To explore mechanisms by which lack of Th17 cells (or lack of Stat3 within CD4) leads to 

resistance to periodontal inflammatory bone loss, we interrogated the gingival immune 

gene transcriptome during periodontitis in Stat3Cd4 mice and littermate controls. Despite 

the impressive phenotype of resistance to inflammatory bone loss, we only find a handful 

of genes moderately downregulated in Stat3Cd4 mice during disease induction compared 

to controls. Genes downregulated included the key Th17 transcription factor Rorc, 
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consistent with Th17 inhibition. 5'-nucleotidase (5'-NT), also known as ecto-5'-

nucleotidase or CD73. CD73 commonly serves to convert AMP into Adenosine and is used 

as a marker of lymphocyte differentiation. H-2 class I histocompatibility antigen, Q10 

alpha chain-antigen procession and presentation via MHCI. Tal1, T-cell acute lymphocytic 

leukemia protein 1 is a is a transcription factor of T cells, associated with T cell leukemias. 

All the above speak to differential regulation of T cell differentiation and function. Yet, 

one gene was of particular interest because it directly connected with the resistance to bone 

loss phenotype, Tnfsf11. Tumor necrosis factor ligand superfamily member 11 (TNFSF11), 

also known as Receptor activator of nuclear factor kappa-B ligand (RANKL), is the master 

activator of osteoclasts. Inhibition of RANKL may directly explain inhibition of bone loss.  

https://en.wikipedia.org/wiki/Transcription_factor
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Figure 5.4. Blocking Th17 differentiation confers resistance to inflammatory bone 

loss. (A-D) Bar graphs show numbers of gingiva IL-17A+ cells from Cd4 Cre; Stat3fl/fl 

(Stat3Cd4) and Stat3fl/fl littermate mice. Analysis were made using flow cytometry of cell 

preparations isolated from mouse gingiva in ligature induced periodontitis (black bars, 

n=6) and baseline (white bars, n=6). (A) Numbers of IL17+CD4+ cells. (B) Numbers of 

IL17+CD45+ cells. (C) Numbers of IL17+TCRγδ+ cells. (D) Numbers of Lin- Thy1.2+IL17+ 

cells. Data from three separate experiments. *p<0.05; **p<0.01. Error bars represent mean 

± SEM. (E) Bar graph shows measurement of periodontal bone loss in Cd4 Cre; Stat3fl/fl 

(n=10) and Stat3fl/fl littermate (n=9) mice after 5 days of ligature induced periodontitis. 

Bone loss was calculated as bone height in baseline minus bone height in ligated 

periodontal tissues. *** p=0.001. Error bars represent mean ± SEM. (F) Representative 

images of maxillae after ligature induced bone loss in Cd4 Cre; Stat3fl/fl and Stat3fl/fl 

littermate-control. Yellow dashed lines represent the cement enamel junction (CEJ) and 

alveolar bone crest (ABC) used to calculate bone loss. (G) Bar graph shows fold change in 

expression of indicated genes in Stat3Cd4 gingival tissues compared to those from Stat3fl/fl 

littermate controls after experimental periodontitis. Data obtained from a total of four 

samples per group.  

 

Pharmacologic inhibition of Stat3 for the treatment of periodontitis 

Our human findings and experimental results in animal models of periodontitis strongly 

support a pathogenic role for the STAT3-Th17 axis in periodontal inflammatory bone loss, 

suggesting therapeutic inhibition in the treatment of periodontitis. Based on this work we 

assessed inhibition of the STAT3-Th17 axis in periodontitis. We evaluated the efficacy of 

small molecule inhibition of Stat3 in pre-clinical studies of treatment in experimental 

periodontitis. We treated mice with the pStat3 inhibitor C188-9 (shown to have efficacy to 

inhibit pStat3 [69, 76, 158]) and evaluated their susceptibility to inflammatory periodontal 

bone loss compared to treatment with vehicle control.  Importantly inhibition of Stat3 was 

linked to protection from periodontal bone loss. Mice treated with C188-9 inhibitor had 

minimal progression of periodontal bone loss even under the pressure of ligature induction 

(Figure 5.5A-B). This resistance to inflammatory bone loss was linked to a decrease of 
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immune gene transcriptome associated to periodontal inflammatory bone loss. In fact, most 

genes upregulated in experimental periodontitis in the presence of vehicle were also 

upregulated during Stat3 inhibition (Figure 5.5C). Th1 related genes like Cxcl9 and Il12 

were upregulated in treated mice compared with non-treated ones together with genes 

associated with NK inhibitory receptors (Klra4-6-21), NAPDH oxidase (Nox3) and TNF 

superfamily (Tnfsf15). Il22 gene was also upregulated in C188-9 treated mice, the cytokine 

encoded by this gene has been described as a protective factor in mucosal barrier sites 

[159]. Interestingly, when we interrogated gene expression after C188-9 treatment, Th17 

associated genes like Il17a/f and Il19 [160] were inhibited.  Additionally, inflammatory 

related genes like Il5, Itln1, Psmb11, Tnfsf18, Kir3dl, Gzmb, Cxcl15 and Cfd were also 

downregulated during C188-9 treatment.  All in all, this data suggests that STAT3/Th17 

inhibition may help to control pathological bone loss in periodontitis. 
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Figure 5.5. Pharmacological inhibition of Stat3 protect from periodontal bone loss. 

(A) Bar graph shows measurement of periodontal bone loss in C57BL6/J mice treated with 

C188-9 (STAT3 inhibitor) (n=5) or with vehicle only (n=5) after 5 days of ligature induced 

periodontitis. Bone loss was calculated as bone height in baseline minus bone height in 

ligated periodontal tissues. ** p=0.01. Error bars represent mean ± SEM. (B) 

Representative images of maxillae after ligature induced bone loss in C57BL6/J mice 

treated with C188-9 (STAT3 inhibitor) or with vehicle only. Yellow dashed lines represent 

the cement enamel junction (CEJ) and alveolar bone crest (ABC) used to calculate bone 

loss. (C) Bar graph shows fold change in expression of indicated genes in gingival tissues 

from C188-9 treated mice compared to those from vehicle treated after ligature induced 

periodontitis. Data obtained from a total of four samples per group. 

 

IV. Discussion 

The unique opportunity to study patients with defects in Th17 differentiation and relevant 

murine models has allowed us to investigate the role of this cell subtype in periodontal 

immunity and inflammation. The presence of Th17 had been described in periodontal 

lesions before [57], yet our studies document for the first time that Th17 are the dominant 

IL-17A producers in the setting of periodontitis, playing a critical role in disease 

pathogenesis. Remarkably, genetic inhibition of Th17 differentiation in humans and animal 

models as well as pharmacologic inhibition of related pathways conferred protection from 

inflammatory bone loss, the hallmark of periodontal disease 

Studies in patients with AD-HIES have been critical towards unveiling the role of Th17 

cells in barrier immunity, demonstrating their key role in control of fungal infections and 

other specific pathogens [35]. Strikingly, while Th17 deficiency in AD-HIES patients leads 

to oral candidiasis, we find that these individuals are protected from periodontal 

inflammation and bone loss suggesting a dual role for Th17 cells in oral immunity. We 

speculate that homeostatic levels of Th17 are necessary for barrier protection, while 
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exaggeration of this response becomes a driving force for pathology. Our investigations, 

consistent with reduced Th17 cells in AD-HIES [55], reveal blunted Th17 protective 

barrier immunity in this patient cohort. In fact in oral tissues of AD-HIES patients we find 

reduced Th17 cells and reduced expression of protective antimicrobial peptides including 

S100A8 and S100A9, defensin and neutrophil chemoattractants [35, 55]. However, our 

human studies can only imply a protection against periodontal inflammation and bone loss 

in the absence of Th17 cells.  

To interrogate a potential pathogenic role for Th17 cells in periodontitis we investigated 

the role of this cell population in animal models of periodontitis. Our experimental work 

demonstrated in the murine model of AD-HIES that Stat3 loss of function confers 

resistance to ligature induced periodontitis, a standardized model of inflammatory bone 

loss [154]. This resistance to periodontal bone loss correlated with blunted Th17 induction 

in this model. However, as STAT3 is expressed in a variety of cell types and has pleotropic 

functions  [51], we next targeted Stat3 deletion specifically to CD4 T cells. Deletion of this 

gene within the CD4 cell compartment led to an inability to secrete IL-17A, yet in this 

model all other sources of IL-17A remained intact. Strikingly, this specific removal of only 

Th17 cells and no other IL-17A sources conferred almost complete resistance to 

inflammatory periodontal bone loss. These results indicate a pathogenic role for Th17 cells 

in periodontitis. One important consideration though is that STAT3 orchestrates not only 

Th17 development, but also other T cell functions [50], and therefore future investigation 

into additional effects of T cell-STAT3 regulation in periodontal pathology should also be 

interrogated. 
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Finally, our results demonstrated that STAT3 may be a suitable therapeutic target in the 

treatment of inflammatory bone loss occurring in periodontitis. Mice treated with pSTAT3 

inhibitor (C188-9) showed significantly reduced bone loss compared with vehicle treated 

controls. Exploring the mechanisms by which STAT3 inhibition alters the periodontal 

inflammatory milieu, we performed mRNA expression analysis for immune-related genes 

during ligature induced periodontitis in the presence or absence of Stat3 inhibition. 

Remarkably, from more than 500 genes analyzed only a few were down-regulated in the 

presence of Stat3 inhibition including Il17a/f and as well as other IL-17 associated genes. 

These results lead us to hypothesize that STAT3 inhibition may restrict the differentiation 

of Th17 during periodontal inflammation. IL-17A is thought to amplify inflammatory 

responses at various sites but also has been proposed as an important trigger for osteoblasts 

to produce RANKL, a key cytokine in osteoclast formation and activation [59, 161, 162]. 

Notably, it has also been demonstrated Th17 cells are an important source of RANKL and 

could induce rapid bone resorptive phenotypes in osteoclasts directly [125]. Future studies 

need to be completed regarding RANKL production by Th17 cells and their direct role in 

the genesis and activation of osteoclasts in periodontal tissues. 

Taken together, our work reveals Th17 cells as main producers of IL-17A in gingival 

tissues in inflammatory settings and demonstrates their crucial involvement in periodontitis 

pathological processes. Importantly, our findings have direct therapeutic implications and 

suggest STAT3/Th17 small molecule inhibition as a suitable therapeutic target in 

periodontitis. 
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CHAPTER VI 

Concluding Remarks 

 

Our work has focused on pathogenic mechanisms in the common inflammatory disease 

periodontitis. Periodontitis is characterized by destruction of tooth-supporting structures 

and recently has been associated with inflammatory systemic diseases. Unbalanced T cell 

responses triggered by dysbiotic microbial communities are considered crucial players in 

periodontitis pathogenesis, suspected as orchestrators of the activation of tissue destructive 

pathways. 

Evidence from animal studies demonstrating the role of Th17 cells in various inflammatory 

disease contexts, as well as the increased presence of IL-17A and related cytokines in the 

lesions of periodontitis, led us to hypothesize that Th17 cells are critical for periodontal 

disease pathogenesis and importantly, their inhibition may suppress inflammatory tissue 

destruction in periodontitis. 

To accomplish our work, we established assays for the characterization of tissue immunity 

in the gingiva in mice and humans, utilizing multicolor flow cytometry. Our studies have 

implemented a bedside to bench approach, starting from observations and studies in 

patients and extending our work towards mechanisms into murine models of experimental 

periodontitis. 

In human periodontitis and animal models, we documented that the main source of IL-17A 

are Th17 cells. We report that Th17 cells physiologically increase with age and contribute 
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to natural progression of age-related bone loss in murine models. Furthermore, our 

observations in genetically modified animals demonstrated that IL-17A is crucial in 

periodontal bone loss. 

In AD-HIES patients that carry a mutation in the STAT3 gene and have defects in Th17 

differentiation, we observed diminished IL-17A responses in gingival tissues, reduced 

gingival inflammation and periodontal bone loss. Complementing human studies, we also 

document resistance to experimental periodontitis in murine models with impaired Th17. 

Collectively our work has demonstrated STAT3/Th17 pathways as critical in periodontitis 

and STAT3/Th17 inhibition as a plausible therapeutic target in the treatment of 

inflammatory periodontal tissue destruction. 
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